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SUMMARY 
In the current study, the waste stones and rachis obtained from Barhee and Medjool 
dates palm trees were characterized on a laboratory scale and their potential as biomass 
feedstock were investigated. The proximate, ultimate, structure/composition and 
thermo-gravimetric analysis experiments were conducted to characterize the selected 
biomass materials. The results showed that the Medjool and Barhee stones are a 
promising biomass feedstock as they have high volatile and fixed carbon contents with 
low ash content. Moreover, they have high carbon and nitrogen contents with a very 
high cellulose contents reaching up to 66% in the case of Barhee stones. The thermo-
gravimetric analysis showed that the decomposition of Barhee and Medjool stones can 
be completed below 420 °C; while it can be completed below 360 °C for Barhee and 
Medjool rachis under thermo-gravimetric pyrolysis analysis. Based on the TGA 
results obtained, slow pyrolysis experiments for the stones and rachis feedstock 
materials were conducted. Among the four slow pyrolysis trials, maximum yield for 
bio-oil of 21.54% was achieved when Barhee rachis was used, while Medjool rachis 
produced the least value. Characterization and analysis of the bio-oil extracted from 
the pyrolysis experiments showed the superiority of the bio-oil from Barhee stone as 
it has the highest heating value. The gas chromatography mass spectrometry analysis 
showed that phenol, furfural and benzoic acid are the main components of the bio-oil 
obtained from the date palm rachis samples while d-allose, furfural, 5-methyl 2-
furancarboxaldehyde, and dodecanoic acid are the main components of the bio-oil 
extracted from the date palm stones. The opportunities of exploitation of renewable 
energy with solar, biomass and biofuels resources in the Middle East, are also 
reviewed in detail in this work. The techno-economic analysis for the concentrating 
solar power plants installed in the Middle East showed promising potential from the 
economic and technical point of view. 
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Chapter 1: Introduction 
 
1.1 Agricultural residues in Saudi Arabia and Middle East 
 
The Kingdom of Saudi Arabia (KSA) spreads over an area of 2.15 million km2 which 
is considered the largest country in the Middle East [1]. It is located between 16° 20 
16°22`and 32°14` North Latitudes and 34°29`and  55°40` East Longitudes [2-4]. The 
KSA is considered one of the most arid countries of the Arabian Peninsula, and 
presents restricted agricultural growth as it has large desert land, scarce water 
resources, high temperatures and low rainfall [1]. This desert climatic nature matches 
the growing of date palm (Phoenix dactylifera L.), where the KSA total production of 
dates in 2018 was 1,302,859 tons, harvested from more than 25 million palm trees, 
distributed in 116,125 hectare [5]. Date palm is an important element of the flora in 
all Arab countries and plays a significant role in economic, social, and cultural life in 
the region. A massive quantity of waste results annually from the seasonal pruning of 
the date palm trees. Where, the annual residues from palm trees in KSA are estimated 
to be one million tons [6]. These residues include leaves, fruit stalk pruning, and date 
stones. 
The fruits, cereals, wheat, grains, barley, vegetables, watermelon, and potatoes 
are also of great production in the KSA as they reported as the most produced 
agriculture commodities of KSA in 2018 as shown in Fig. 1. 1.  The KSA has also 
977,000 hectares of forest area where 254,000 m3 of round wood were produced in 
2011. Most of this production of wood was used in industry of paper and paper board 
[7].  
In addition to date palm residues, the wheat straw residues is also of great 
amount in KSA. Limited amount of these residues was used as raw materials for wood 
industries [8]. While, the majority of wheat residues was burned which reached 38,607 
tons during 2018 [5]. The total agriculture wastes in KSA are estimated to be 3.5 
Million tons which is considered 19.7% as reported in Table 1.1 [9].  
The possibilities of energy production from these agriculture waste in KSA 
were also investigated but still at experimental scales [10]. While, most of these 
residues were burnt as in most of developing countries. Accordingly, the KSA 




sustainable solutions for the waste management to minimize the waste-disposal issues 
and generate economic benefits [11-13]. The conversion of agriculture wastes to 
biofuel is considered one of the best solutions from the economic benefits point of 
view. 


























Fig. 1. 1. The most produced agriculture commodities of KSA in 2018 [5].   
 
 
Table 1. 1. The estimated amounts of waste in KSA. 
The waste source  The estimated amount (Million tons) 
Municipal solid waste 10.5 
Agricultural residues 3.5 
Forestry residues 0.5 
Agro-industrial residues 0.8 
Sewage 2.5 







Egypt, Turkey and Iran are in the top of the Middle East (ME) in the agriculture 
production of rice, wheat, maize, coarse grain, vegetable and fruits. [5]. These three 
countries are ranked within the top twenty in the production of vegetables and fruits 
around the world.  
Moreover, Egypt, KSA, and Iran are respectively considered the top three 
countries of the world in the production of date palm. The largest production of dates 
is in Egypt, where its production has increased from 1,006,710 tons in 2000 to 
1,562,171 tons in 2018. While, the production of KSA and Iran in 2018 were 
1,302,859 and 1,204,158 tons, respectively. Iraq, Oman and United Arab of Emirates 
(UAE) are also mentioned in the top ten producer in the world with production of 
614584, 368808, and 345119 tons in 2018 as shown in Fig. 1. 2 [5]. 
























This massive production of dates, rice, wheat, maize, sugar cane and wood in 
the ME results in huge amounts of agriculture wastes where it reaches 3 million 
tons/year in Egypt only [14]. Some of these wastes such as the residues of wheat are 
disposed by simple process of converting to animals feeds. While, most of the other 
residues are burned as reported in Table 1.2 [5].  
Among the agriculture residues, the disposal of rice residues causes an 
environmental problem especially in Egypt and Iran, where it is mostly burned causing 
the known black cloud. Table 1.2 shows the huge amount of rice residues burned in 
Egypt and Iran [5].  The problem of the disposal of rice residues (rice husk and straw) 
is mainly due to the difficulties of converting it to animals feeds compared with wheat 
residues in addition to the farmers believe in its benefits for the land when it is burned.  
Table 1. 2. The amount of agriculture residues burned in the ME [5].  
Agriculture  
Residues  
Amount of burned residues (dry matter) in tons 
Egypt Turkey Iran KSA Iraq Oman UAE 
Rice  377249 60228 314360 - 29856 - - 
Wheat  537122 3064909 2680000 38607 419012 372 10 
Maize 920601 637726 174033 2471 52012 1021 241 
Sugar cane 88013 - 60875 - 228 33 - 
 
Many solutions were introduced in the ME for the disposal of rice residue such 
as converting it to fuel by gasification [15-17], utilization of rice husk in mud bricks 
manufactures [18].  
In addition to the problem of rice residues, the date palm residues caused also 
a great problem in the ME especially in the area of the Arab gulf countries especially 
in KSA, Iraq and United Arab of Emirates. Great research efforts have been made in 
the ME to convert the date palm residues to fuel by gasification [19], and pyrolysis 
[20, 21] process. Nevertheless, the outputs of these research still in the laboratory scale 
and were not implemented in the large scale so far. So, the disposal of date palm 







1.2 Economic diversification  
 
The KSA is particularly endowed with natural resources and cheap energy sources. 
These constitute important sources of competitive advantage in the various economies. 
The KSA has about 25% of the world proven oil reserves and produces about 12% of 
total world oil output. It also ranks fifth in possession of world natural gas 
reserves[22]. The King Arabia Saudi economy depends not only on crude oil and 
natural gas  production, petrochemical industry and religious tourism, but also the 
agricultural, poultry and fish production are of great interest [22].  
Agriculture in KSA has improved dramatically over the past decades under the 
plan of the government to reduce the heavy dependence on oil where revenues make 
up around 90-95% of total KSA export earnings [22]. Although deserts cover a large 
part of its area, there are many areas that represent a climate and fertile land for 
agriculture. The government has contributed to this process by converting large areas 
of the desert into agricultural fields, through the implementation of major irrigation 
projects, and land reclamation. 
Today, agriculture in Saudi Arabia focuses on self-sufficiency, as well as 
exporting wheat, dates, dairy products, eggs, fish, poultry, fruits, vegetables, and 
flowers to markets all over the world. The Ministry of Environment, Water and 
Agriculture is primarily responsible for agricultural policies in the country, and the 
government provides interest-free loans to farmers for the long term.  
The private sector also plays an important role in the agricultures investment, 
as its contribution in 2016 amounted to $14.4 billion in cultivation of approximately 
700 thousand hectares. Saudi Arabia achieved self-sufficiency and a production 
surplus of 110% - 120% in several crops such as potatoes, eggplant, cucumber, okra, 
eggs and fresh milk alongside dates, which Saudi Arabia ranks second in world 
production as previously mentioned. 
Foreign direct investment is considered one of the major tools in the KSA 
effort towards economy diversification and hence its ability to counteract adverse 
cyclical movements in oil prices and smooth out fluctuations in its income stream. 




refining. It also contributed to the development of Infrastructure and the Banking 
industry. 
1.3 Food security  
 
The issue of food and its provision to meet the needs of the population in the KSA 
occupies priority among the objectives of the economic policy of the Kingdom. The 
Kingdom follows many policies to provide safe food for people through increased 
domestic production, raise the efficiency of resources, intensification of agricultural 
investment. In addition, the policy aims to support and provide food for the population 
of the Kingdom, at local rates, to suit all categories of community residents.  
In the Middle East, especially Saudi Arabia, food security is of great concern for 
policy makers. In desert countries the food commodities are mostly imported as their 
local production is not enough to meet the domestic needs and KSA is not exception 
as most of the cereals and red meat are imported.  
Introduction of recent agricultural expertise, feasible credit scheme, free land 
distribution and effective extension programs improved the yield of cereals, fruits, 
vegetables and animal related products. These effective programs not only enabled the 
KSA to fulfil the domestic needs but made it capable to export the surplus. 
Considering the current situation of existing water resources the government 
decided to back down in its policy and that the agriculture production based on unjust 
use of non-renewable natural water resources is not a feasible practice [23]. This 
reduction is noticeable in some crops that consumes huge water such as wheat where 
the KSA production was reduced from 2,775,678 tons in 2004 to 586,413 tons in 2018 
[5], while it expanded in crops of less water consumption such as date palm where its 
production increases from 941,293 tons in 2004 to 1,302,859 tons in 2018 [5].  
Based on the current situation of scarce water resources, it is expected that all of 
its domestic needs will be imported by 2050, if the government has not vision and 
good plan to provide a renewable water resources and increase land reclamation. Many 
potential technologies may be used to save land and water such as promotion of 
traditional crops, hydroponics and greenhouse farming, seawater harvesting, investing 






1.4 Biomass conversion techniques (biological and thermal) 
 
The biomass refers to the organic material which can be converted into energy. Biofuel 
is a type of energy derived from biomass such as plants, agricultural, animal, domestic 
and industrial wastes.  
Based on the type of biomass, the production of biofuels can be classified into 
three generations [25]. 
First generation biofuels are produced from the storage plants, containing 
mainly sugars, starch and oil. Biofuel can be obtained from these resources  through 
relatively cheap and rapid techniques (microbial fermentation of carbohydrates and 
trans esterification of oils) [26]. 
The second generation biofuel using the waste from agro food industries, 
especially sugar industry (sugar beet pulp and sugarcane bagasse). The utilization of 
these products to produce biofuel not only keep the first purpose of the feedstock in 
the human food sector, but also disposal from the waste of these industries.  
The third generation relies on the algal biomass. Certain species of microalgae 
have a very high oil content that acts as the starting compound for the fuel synthesis 
[27]. Microalgae show a rapid growth rate and a high production capacity of lipids. 
They also do not compete with food or feed production since they can be grown on 
non-arable lands or in saline water. These advantages make the third generation 
biofuels a complementary way of energy production to the second generation rather 
than a competing technology. 
Biomass is converted into biofuels through thermochemical, physico-chemical or 







Fig. 1. 3. Biomass conversion processes [2]. 
 
1.4.1 Biochemical conversion  
The fermentation and anaerobic digestion are the biochemical processes used to 
produce bioethanol and biogas, respectively.  Bioethanol is produced by fermentation 
of sugar sources such as wheat, molasses, corn, and beets [29]. This includes biomass 
pre-treatment followed by fermentation of the sugars to ethanol then separation and 
purification to produce pure ethanol [30]. This process is also used to transform 
biomass into any type of petrochemical product compounds, such as olefins and 
aromatics. 
Biogas is produced by anaerobic digestion by organic substances, and it is 
usually associated with methane, carbon dioxide and sulphuric components. Biogas 
production includes 3 processes; first, fermentation that involves hydrolysis and acid 
genesis, acetone genesis and methane genesis. In this process, alongside with the 
hydrolysis the biomass substance is transformed into tinier molecules which is 
transformed into dissolvable acids by acidogenese [31]. After that, changing the 
produced materials in the first step into acetic acid, hydrogen and carbon dioxide. The 



























anaerobic bacteria. The only disadvantage of biogas as a source of energy is that 
methane is more poisonous than carbon dioxide itself, however, it was found that the 
households with biogas plants had half the emissions of households without biogas 
plants  [32].  
1.4.2 Physico-chemical conversion 
Physico-chemical technologies use chemical agents to convert biomass to energy, 
typically in the form of liquid fuels. Trans-esterification is the most common physic-
chemical conversion technology used to produce biodiesel [2]. 
1.4.3 Thermochemical conversion  
In thermochemical processes, heat energy is required to treat and convert the 
biomass into biofuel. The thermochemical processes include combustion, gasification 
and pyrolysis. 
 
 1.4.3.1 Combustion  
 
Combustion is the direct burning of biomass in the air for the purpose of heating and 
power generation. It is the simplest way used by the human science that knew fire.  
The emission of NO is the main problem associated with the combustion of Biomass. 
Recently, an experimental study has been carried out by Shah et al. [33] using the oxy 
fuel combustion technique to reduce the nitrogen emissions from the combustion of  
rice husk, maize stalk, wheat straw and groundnut hull. They concluded that oxygen 
played key role in achieving satisfactory reduction in NOx emissions. The techniques 
used to reduce NO emission from biomass combustion were also studied by Gong et 
al. [34]  and Dong et al.[35].  
 
 1.4.3.2 Gasification  
 
Gasification is a process that converts biomass based carbonaceous materials 
into carbon monoxide, carbon dioxide and hydrogen known as syngas. The syngas can 
be processed to produce different types of gaseous biofuels and liquids. Gasification 




without combustion, but with a controlled amount of oxygen and/or steam. Many 
studies have been conducted in the ME using gasification conversion of different 
agricultural wastes such as rice residues [15-17], date stone [36, 37].  
 1.4.3.3 Pyrolysis 
  
Pyrolysis process is also achieved by applying thermal energy  in the absence 
of oxygen to produce bio-oil, non-condensable gases and a solid char residue [38]. It 
produces also heavy fuel oil for heat and power applications. Pyrolysis can convert 
over 60 % of the biomass into liquid bio-oil [39]. Pyrolysis requires moderate 
temperature in the range of 400–600 °C to depolymerize biomass to a mixture of 
oxygenates (or ‘bio-oil’) that are liquid at room temperature [40]. 
Among thermochemical processes for biofuel production, the pyrolysis is the 
most attractive process because it is based on well-established methodologies and 
produces a range of compounds that might be integrated into existing petroleum 
infrastructure [41-46]. 
The bio-oil produced from the pyrolysis is a potential substitute for petroleum 
to generate heat and power [47]. Bio-oil can substitute heavy fuel oil, light fuel oil and 
natural gas in most of power generation devices including boilers, gas turbines and 
other heating equipment. However, bio-oil is a dark-brown, acidic (pH 2–3) and 
thermally unstable product that contains a high proportion of water and oxygenated 
compounds [48]. Pyrolysis oil shows various environmental advantages; bio-oils are 
CO2/GHG neutral, and can therefore generate credits of CO2 with no SOx emissions 
[47]. Besides, NOx emissions generated by bio-oils have been quantified as 50% lower 
than those of diesel oil in gas turbines [49, 50].  
Techno-economic comparison between thermochemical and biochemical 
production of biofuels is performed by Anex et al. [51]. They found that pyrolysis not 
only has the lowest capital cost but also has the lowest operating cost. While, 
gasification and biochemical process showed the highest capital and operating cost, 
respectively. Moreover, the ethanol production using thermochemical process lead to 
lower greenhouse gases emission than the biochemical conversion process [52]. On 
one hand, the thermochemical process consumes less process chemicals, and on the 




carbon remains in the products and less CO2 is emitted than during the biochemical 
process. 
Based on the latter advantages associated with the pyrolysis process, it is 
selected in this work for biofuel production. 
 
1.5 Feedstock: Date Palm Wastes (Varieties and Selection) 
 
“The date palm (Phoenix dactylifera L.) is an angiosperm monocotyledonous plant 
that belongs to the family Arecaceae (syn. Palmaceae) that includes 200 genera” [53]. 
Date palm is considered one of the main fruits crop in arid and semiarid regions, 
specially, in the arid regions of western Asia and North Africa. The palm tree is well 
adapted to desert environments that are characterized by high temperatures and water 
shortage due to scarcity of rainfall [53]. 
Date palm is a diploid plant, enduring, and monocotyledonous. The source of 
its name comes from its fruit "phoenix" in Greek which means "purple" or "red" and 
"dactylifera" means the finger shape of the date fruit. It is also dioecious, which means 
it is divided into female and male trees, but both embraced in a solid fibrous cover that 
protects the flowers from sun and heat during the early stages of its growth [54]. The 
date palm tree may reach an age of over 100 years and average mature tree is about 
20 m tall [55]. 
 
1.5.1 Date palm tree parts  
 
The various parts of the palm tree are shown in Fig. 1. 4. The main parts of the date 
palm are; roots, trunk, leaves, and fruits. Each part of the palm tree has its own 





Fig. 1. 4. Schematic diagram of date palm tree (Phoenix Dactylifera) [54, 56] 
 
 
The roots of the date palm is fibrous with secondary roots branched from the 
primary roots which directly extend from the seeds. They extended 25 m far from the 
tree and 6 m deep. Date palm roots can resist wet soil for months, but if it continues 
for longer period, it becomes toxic for the roots and will affect the fruit production. 
The trunk is also known as stem or stipe. It has a cylinder shape and brown 
color and fully lignified [56] with average tall of 25 m [55] . Also, it has no branches 




fibrous composition, and fibrous bonds established together forming a matrix of 
cellular tissue which is lignified by the exterior side of the trunk. 
The leaf of date palm consists of frond midrib, rachis, spins, and leaflets as 
illustrated in Fig. 1. 5. It is 3-6 m long and usually lasts for 3-7 years.  
The rachis is considered the main axis of the leaf and many leaflets extend 
from its two sides. The rachis and leaflet are considered the main parts of the leaf as 
they represent 53.4 and 46 % of the whole date palm tree on a dry weight basis, 
respectively. The adult date palm tree has 100-125 green leaves and 10-26 new leaves 
annually grow. The date palm leaves has 3 levels; the external leaves which are green 
and photosynthesis-effective and outline 50% of the leaves, the central leaves which 
are fast growing and green and outline 10% , and the inside leaves which are inside 











The fruits of date palm, called dates, have many characteristics variety 
according to the environmental and agricultural conditions in each country. For 
example, Iraq produces 400 types of date palm fruits as described by Zaid [56]. 
Accordingly, date palm fruits life cycle has different stages: Kimri, Khalaal, Rutab, 
and mature Tamr [57]. Through these stages, the amount of water in the fruit lowered 
from 85% at the early Kimri stage to 20% at Tamr stage. The date fruit usually weighs 
between 2-60 g, and has a length of 18-110 mm, width of 8-32 mm. It contains 32% 
glucose and 30% fructose, while the water‑insoluble fibers of its flesh made of 49.9% 
lignin and 20.9% polysaccharides [57]. The color of the fruit depends on its stage, and 
there are many stages from yellow to black, and the taste varies accordingly as well as 
its texture [56].  
The date palm stone or seed usually weighs around 0.5-4 g, and its length 
normally around 12-36 mm and has width of 3-6 mm. It  has an oblong shape, ventral 
groove and a tiny embryo inside consist of tough endosperm made of cellulose [56]. 







Fig. 1. 6. Date palm fruits and seed [56]. 
 
 
1.5.2 The products, by-products and residues of date palm tree 
Besides the direct consumption of date, the industry of date manufacture a variety of 
date products such as date paste, syrup, honey, jam and vinegar. The dates are also 
fermented to produce wine, alcohol, and organic acids [58].  
The by-product of date, is being used in the preparation of foodstuffs such as 
marmalades, concentrated beverages, chocolates, ice cream, confectioneries, sweets, 
snacks, bakery products and healthy foods. It is produced as an incidental by-product 
when bagged humid dates are heaped for several months, during which some syrup 





The huge number of date palm trees in the ME, specifically in Egypt, KSA, 
Iran, Iraq, and UAE, produces large amounts of agricultural residues such as leaves, 
fruit stalk pruning, date stones. In addition, the trunk becomes available upon natural 
or accidental death of the palm or by forced removal when the plantations are renewed. 
The majority of the date palm residues are the leaves (frond, rachis, and leaflets) 
resulting from yearly pruning as every palm tree produce 22 leaves as residues per 
year. In addition, the date stones represent about 10% of the date produced weight 
[59]. The date palm tree products, by-products and residues are summarized in Fig. 1. 
7.  
  In addition to the date palm agriculture wastes, the industrial by-products of 
date palm produces also a great quantity of wastes. Most of these wastes are burned 
in farms causing a great danger on the environment [58]. Some of these residues like 
rachis, leaflets, and frond are used as raw material in many handcrafts to make several 
products like chairs, baskets, ropes, and building structures [60]. So, the disposal of 
these residues does not cause any urgent problems in most of ME countries. On the 
contrary, the date palm stones have not a widespread economical use so far. It is just 
used as animal feeds for cattle, sheep, camel and poultry [61].  
Date palm residues are also an attractive source of biomass energy since they 
are renewable, and abundantly available. The thermal behavior of date palm residues; 
rachis, leaflets, trunk, date stone and fruit stalk pruning, was studied by El may et al. 
[55] in order to evaluate their usefulness for energy production. They concluded that 
among the different date palm residues, the high energy density of date stone makes it 
the most attractive material for energy recovery. The date palm frond, rachis and 
stones are also of great interest for biofuel production [58].  
Based on the previous conclusion and the data mentioned above, the date palm 
stone and rachis collected from Barhee and Medjool date palm tree are selected in this 
study in order to evaluate their usefulness for energy production.   
Date stones contain 27.34% (wt.) lignin, 20.63% (wt.)  cellulose and 13.49% 
(wt.) hemicellulose [62]. While in the case of rachis, the cellulose is the majority with 





































1.6 Research Objectives  
 
Presenting an economic solution to disposal of the huge amount of date palm wastes 
particularly in KSA on one hand and producing biofuel on the other hand is considered 
the main objective of this work.  Among the date palm wastes the potential of Barhee 
date palm stones (BDPS) and rachis (BDPR) and Medjool date palm stones (MDPS) 
and rachis (MDPR) for biofuel production are investigated. 
 In order to achieve this goal, many specific objectives to be achieved includes: 
 Characterization of date palm residues, rachis and stones performing slow 
pyrolysis experiments of the selected biomass residue. 
  Characterization of the bio-oil products extracted from the slow pyrolysis 
experiment.   
 Investigate the opportunities of installation of the hybrid solar-biomass energy 
in the Middle East.  
 To provide data to those concerned with the investment in agricultural waste 
recycle using simple technology for biofuel production. 
1.7 Organization of thesis 
 
Literature review on biomass and pyrolysis of biomass is introduced in Chapter 2. This 
review focuses on the biomass chemical composition; cellulose, hemicellulose, lignin, 
extractives, and ash. The different type of pyrolysis processes; slow, intermediate and 
fast are of great interest in this review.  The Barhee and Medjool date palm residues 
especially rachis and stone as feedstock to pyrolysis process are also reviewed in 
details. The pyrolysis products; bio-oil, char, and non-condensable gases are also 
reviewed. 
In Chapter 3, the biomass characterisation methods are presented. The basis 
of proximate analysis, where the content of moisture, volatile, ash, fixed Carbon are 
obtained, are discussed.  The elemental analysis (ultimate analysis), ash composition, 
inorganic element, compositional analysis, heating value and thermo-gravimetric 
analysis (TGA) are discussed in detail in this chapter. The characterisation method 




The thermochemical characterisation experiments of date palm wastes are 
given in Chapter 4. The results obtained from these experiments are discussed and 
compared with similar results found in the literature.    
Chapter 5 is dedicated to present the slow pyrolysis experiment of the 
selected date palm residues. The experimental setup, procedures are illustrated in the 
first section of this chapter followed by the discussion of the obtained results. The 
bio-oil characterisation results and discussion are also presented in detail and 
compared with literature data. 
Techno-economic analysis of the hybrid solar-biomass energy in the Middle 
East is introduced in Chapter 6.  The availability and current status of hybrid solar-
biomass development in Middle East is reported. Review on Solar thermal Energy 
plants and biomass energy plants are also introduced in this chapter. Modelling of 
biomass energy plant is also presented in this chapter. 









Literature Review on Biomass and Pyrolysis of Biomass 
 
2.1. Biomass Chemical Composition 
 
Biomass is composed of all organic materials that comes from plants including algae, 
trees and crops as well as organic wastes. Biomass is the plant material derived from 
the reaction between CO2 in the air, water and sunlight, via photosynthesis, to produce 
carbohydrates that form the building blocks of biomass. When these bonds between 
adjacent carbon, hydrogen and oxygen molecules are broken by digestion, 
combustion, or decomposition, these substances release their stored chemical energy 
[64].  
All biomass materials are composed of cellulose, hemicellulose, lignin, 
extractives, and ash [64-66]. Cellulose, hemicellulose, and lignin are considered the 
essential resources in thermochemical processes (pyrolysis and gasification). As 
cellulose comprises 30–50% of most harvestable biomass materials, it is considered 
the most abundant organic material on earth [64]. Cellulose is a glucose polymer, 
consisting of linear chains of (1,4)-D-glucopyranose units, in which the units are 
linked 1–4 in the b-configuration, with an average molecular weight of around 100,000 
[64]. 
The chemical formula of cellulose is often denoted as (C6H10O5)n, where n is 
the degree of polymerization  (DP) [67, 68]. The average DP for woody fibre is at least 
9000-10,000 and possibly as high as 15,000 [69]. The glycosidic bonds linking the 
glucose units in cellulose are not strong and tend to cleave under acid or high-
temperature conditions. Therefore, the cellulose structure degrades sharply during the 
initial stages of fast pyrolysis with the reduction of DP due to the cleavage of 
glycosidic bonds. Cleavage of b-1, 4 glycosidic bonds contributes largely to the 
formation of furans and levoglucosan [95]. 
 The degradation of cellulose takes place at temperatures around 350oC [70]. 
During the pyrolysis process, the polymer chains are broken into smaller polymers 
and then into smaller gas species. 
In contrast to cellulose, hemicellulose is composed of short chain 




the shape of the polysaccharide chain is similar to that of cellulose, the degree of 
polymerization of hemicellulose is only approximately 200 [71]. The monosaccharide 
units constituting hemicellulose include mainly hexoses (glucose, mannose, and 
galactose) and pentoses (xylose and arabinose), as well as some other low-content 
saccharides (rhamnose and fructose). In addition, there are some uronic acids (4-O-
methyl-d-glucuronic acid, d-glucuronic acid, and d-galacturonic acid) and acetyl 
groups in the hemicellulose structure. 
Lignin has an aromatic matrix that adds strength and rigidity to the cell walls. 
Lignin consists of three primary monomers as shown in Fig. 2. 1. The molecular 
weight of lignin is about 15,000 and it degrades at temperatures around 390oC [72]. 
The structure of cellulose, hemicellulose and lignin are displayed in Fig. 2. 1.  
 
Fig. 2. 1. The structure of cellulose, hemicellulose and lignin [73]. 
 
In addition to the three major components, there are small amounts of 
extractives in biomass. They do not constitute cell walls or cell layers but are 
nonstructural components. Extractives can be extracted by non-polar solvents (such 
as toluene and hexane) or polar solvents (such as water, methylene chloride and 
alcohol).The extractives in lignocellulosic biomass mainly include waxes, fats, resins, 




Many studies have been conducted to specify the chemical composition of 
different biomass materials such as rice [74, 75], and date palm wastes [63, 76-79]. 
The chemical composition of date palm rachis, leaflets, leaf sheath and tree 
surface fibre (fibrillum) was studied by Saadaoui et al. [77]. They used ADF/NDF 
method of Van Soest and Wine [80, 81] to determine the percentage of cellulose, 
hemicelluloses and lignin in the studied date palm residues. Among all studied 
samples, their results reveal that the fibrillum has the highest amounts of cellulose and 
lignin 50.6% and 31.9%, respectively. While it has the lowest amount of hemicellulose 
of 8.1%. The leaflets, rachis and leaf sheath have low contents of lignin ranging from 
11.6% to 18.2%, while, they have high contents of cellulose reached 29.7, 39.8 and 
34%, respectively. The date palm rachis has the highest content of hemicellulose of 
31.4% followed by the 28.9% for the leaf sheath. They also found that the highest ash 
content of 12.3% is found in leaf sheath while its lowest content of 6.8% is found in 
fibrillum. These results are close to those reported by Bensidhom et al. [82] for several 
date palm wastes as clearly seen in Table 2.1.  
The chemical composition of date palm leaflets was also studied by Hamza et 
al. [78]. They found that the cellulose, hemicellulose, lignin contents of date palm 
leaflets are 39.23, 28.41 and 20.05%, respectively, compared with 43.27, 33.15 and 
27.86 for date palm stip. Similar values were reported in the literature where the 
leaflets has 33.5 and 34.9% of cellulose as reported by Bendahou et al. [63] and 
Bensidhom et al. [82], respectively; while it has 19.84% of hemicellulose and 14.03% 
of lignin [82]. While,  rachis has 39.8-45% of cellulose [63, 76, 77, 82], 33% of 
hemicellulose and 12.5% of lignin [82]. On the contrary, high content of hemicellulose 
in rachis reaches 74.8% was reported by Kiari et al. [76].  
The cellulose, hemicellulose, lignin and ash contents in the date stones were 
determined by Hamid and Ismail [62]. They found that the cellulose, hemicellulose 
and lignin contents of date palm stones are 20.6, 13.5 and 27.3%, respectively. While 
Bouchelta et al. [83] found that the date palm seed composition is 42% of cellulose, 
18%  of hemicellulose, and 11% of lignin. The chemical composition of date palm 
stone and a mixture of date palm waste excluding date stone was also reported by 
Bharath [84]. Their results indicated that the contents of date stone is comprised 65% 
cellulose, 15% hemicellulose and 5-10% lignin; whereas, the contents of the date palm 




For the purpose of comparison, the chemical composition of date palm wastes and 
other biomass materials are summarized in Table 2.1. The tabulated results reveal that 
the percentage of cellulose content is the highest in most of date palm wastes [20, 77, 
78, 82-85] and other feedstock reported in the literature as seen in Table 2. 1 [86-92]. 
Where the cellulose content in date stones varies from 20.6 to 65% compared to 39.8 
to 45 % in the case of date palm rachis. These differences in the cellulose content for 
the same date palm waste such as stone not only backs to the different places where 
the waste is collected from but also due to the differences in apparatus accuracy used 
in measurements from laboratory to other. Nevertheless, most of these studies assure 
that the highest content in all feedstock is the cellulose and the lowest content is ash. 
While the content of hemicellulose or lignin is ranked the second after cellulose 
according to the type of biomass. It is also assured that the hemicellulose is ranked the 
second in date palm rachis [77, 82] and leaflets [77, 78, 82, 85].  From the results 
illustrated in Table 2.1, the highest cellulose content of 65% is found in date palm 
stone [84], followed by pistachio shell (53.98%) [89], date palm Fibrillum (50.6%) 
[77], leaflets (47.14%) [85] and rachis (45%) [76]. The date stones also has 






Table 2. 1. Comparison between the chemical composition of several date palm 
wastes and other biomass materials.  








Extractives  Ref. 
Date palm stone 43.88 17.67 16.33 1.47 8.2 [20]a 
20.6 13.5  27.3 2.05 - [62]a 
42 18 11 4 - [83]b 
65 15 5-10 5.29 - [84]a 
32.77 30.2 37.03 1.4 31.54 [85]a 
Date palm rachis  40.4 33.08 12.49 5.5 - [82]a 
39.8 31.4 14 9.2 19.3 [77]a 
45  74.8 27.2 5 40.2 [76]a 
44  - 14 2.5 - [63]a 
Date palm leaflets 34.87  19.84  14.03 11.58 - [82]a 
29.7 23.3 11.6 9.2 40.8 [77]a 
39.23 28.41 20.05 - 21.82 [78]a 
33.5 - 27 6.5 - [63]a 
47.14 16.13 37.73 15.2 32.86 [85]a 
Date palm empty Fruit 
Bunches  
38.44  24.65  25.08 4.2 - [82]a 
44.4 24.3 31.3 1.78 13.42 [85]a 
Date palm fruit stalk 43.05 27.48 29.47 1.8 9.75 [85]a 
Date Palm glaich 22.22  20.24 16.01 2.4 - [82]a 
Date palm leaf sheath  34 28.9 18.2 12.3 21.2  
[77]a Date palm Fibrillum 50.6 8.1 31.9 6.8 16.3 
Date palm frond midrib 45.16 28.16 26.68 3.56 17.45  
[85]a 
 
Date palm Frond Base 43.05 31.34 25.61 9.81 24.9 
Date palm trunk 39.37 30.31 30.32 3.86 25.15 
Date palm mixture wastes  30  35  10-20 7.54 - [84]a 
Rice husk  41.52 14.04 33.67 14.83 10.77 [86]a 
Wheat straw 45.1 30.2 17.3 5.1 1.2 [87]b 
Cardoon  47.8 22.8 10.3 4.8 - [88]a 
Pistachio shell 53.98 20.1 25.25 0.09 0.67 [89]a 
Peach stones 46 14 33 1.1 7 [93]a 
Apricot kernel shells 29.57 17.01 47.97 0.95 - [91]a 
Cherry stones  32.06 28.59 29.08 1.16 8.7 [90]a 
Mahua seed 32.4 7.9 29 2 31 [92]a 
a Weight percentage calculated on dry basis 




2.2. Introduction to pyrolysis process of biomass 
Recently, the conversion of the biomass to biofuel has been of great interest around 
the world. The ease of handling, storage and transportation are the key attractive points 
of bio-oil. Hence, the biomass pyrolysis process is commonly used, in order to 
maximize the percentage of the produced bio-oil. Pyrolysis is a thermal decomposition 
of the biomass occurring prior to combustion in the absence of oxygen [94, 95]. 
Depending on the process conditions the pyrolysis process can be classified into 
several categories as shown in Fig. 2. 2. Among the several categories of pyrolysis 
processes, the slow, fast, flash and catalytic pyrolysis are considered the most 
investigated processes in the literature. 
2.2.1. The slow pyrolysis  
The slow pyrolysis is the first category where slow heating rate (<60 °C/min), 
temperatures less than 500 °C and long pyrolysis time from 5 to 60 minutes are 
required [96-99]. The slow pyrolysis is usually conducted to produce bio-char which 
reaches 35% [98], as the low heating rate with longer residence time further promotes 
the formation of solid products. Nevertheless, in some types of biomass, such as date 
palm stones, the bio-oil yield of slow pyrolysis reached 52.67-66.5% [20, 84].   
Furthermore, slow pyrolysis can handle a wider range of biomass particle size from 5 
to 50 mm [100, 101]. The slow heating rate and the low temperature gives the slow 
pyrolysis little superiority in terms of the ease of handling; despite its low yield of bio-
oil compared with other pyrolysis processes. 
2.2.2. The fast pyrolysis  
The fast pyrolysis has four essential features [95, 99, 102-104]: (1) high heating rate 
of 100-1000 °C/s is used, (2) a high pyrolysis temperature (500-1250 °C) (3) short 
pyrolysis times is used (0.5-10 s) [100, 105], and (4) pyrolysis vapour is rapidly cooled 
to maximize the bio-oil (vapour residence less than 2 s). To accommodate such 
processing temperature and time, this requires a finely grinded biomass (particle size 
less than 1 mm) to ensure effective heating [100, 106]. The majority of fast pyrolysis 
yield is the bio-oil which reaches 60-75% of the total yield based on the type of 
biomass [96]. In order to maximize the yield of bio-oil, a low temperature, high 




temperature, relatively low heating rate and long vapour residence time are preferred 
to maximize the yield of fuel gas [107-110].  
2.2.3. Intermediate pyrolysis  
The intermediate pyrolysis is carried out between the operating conditions of slow and 
fast pyrolysis [152]. The moderate pyrolysis occurred at temperatures around 500 °C, 
pyrolysis time from 30 to 1500 s, and vapour residence time from 2 to 10 s [95, 111].  
Through this process, the liquid remains as the largest product fraction (40 –60%), 
followed by non-condensable bio-syngas (20 – 30%) then solid products (15 – 25%) 
[112].The bio-oil obtained from intermediate pyrolysis shows low viscosity and tar 
concentration, so it can be directly used in boilers and engines [113, 114].  
2.2.4. The flash pyrolysis process  
In the flash pyrolysis, the biomass of particle size of 0.2 mm or less is exposed to high 
temperature (around 1000 °C) for less than 1 s, at a very high heating rate (more than 
1000 °C/s) [96, 104]. The main product of the flash pyrolysis is the bio-oil and syngas 
[104, 115].  
2.2.5. Catalytic pyrolysis process 
Catalytic pyrolysis has attracted considerable attention due to its removal of 
condensable hydrocarbons (tar cracking) [116] and the production of higher quality 
bio-oil [86, 117]. The effects of different catalysts on improving the pyrolysis bio-oil 
are reviewed by Bhoi et al. [104]. They concluded that the catalysts play significant 
role to limit the formation of undesired products and to improve hydrocarbon 
compounds in bio-oil during the pyrolysis of biomass. In order to improve the 
pyrolysis process as well as the characteristics of the products many catalysts were 
used such as acid type, base-type, metal-type, zeolite-type, carbon-type or mixture of 
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2.2.6. Comparison between the slow and fast pyrolysis   
In order to recognize the superiority of a certain pyrolysis process, comparison 
between the slow and fast pyrolysis is conducted in this part. This comparison based 
on experimental studies conducted to compare between the two processes, so, a 
meaningful comparison is obtained.  
Comparison between slow and fast pyrolysis of rice straw has been 
experimentally conducted by Nam et al. [121]. They used three types of reactor; 
bench-scale auger and batch reactors for slow pyrolysis and fluidized bed reactor for 
fast pyrolysis. They found that the highest bio-oil yield of 43% was obtained from the 
fluidized bed reactor (fast pyrolysis), while the maximum bio-char yield of 48% was 
obtained from the batch reactor (slow pyrolysis). 
Comparison between slow and fast pyrolysis of willow was also investigated 
by Greenhalf et al. [122].  A laboratory scale fluidized bed reactor was used to achieve 
the fast pyrolysis at 500 ᵒC; whereas, slow pyrolysis experiment was carried out in a 
batch reactor at 500 ᵒC. They found that the heating rate and pyrolysis temperature 
have a significant influence on the chemical content of decomposition products. The 
bio-oil produced from fast and slow pyrolysis was compared using GC–MS. It is found 
that high yields of acetic acid and methyl acetate from fast pyrolysis, and significant 
yields of phenol and 2,6-dimethoxyphenol as well. While, high yields of methyl 
acetate, 3-hydroxy-2-butane, furfural and cyclopentenes are noticed in the slow 
pyrolysis. 
Based on the results previously presented, the selection of the type of pyrolysis 
depends on which kind of pyrolysis product is required; where fast pyrolysis is used 
in the case of bio-oil demand, while the slow pyrolysis gives higher production of char 
[121]. The chemical composition of the bio-oil is also of great interest in this selection 
as discussed by Greenhalf et al. [122]. 
2.2.7. Types of pyrolysis reactors  
The main types of pyrolysis reactors are shown in Fig. 2. 3.  Stirred reactors are based 
on an autoclave-type type configuration where feedstock are fed discontinuously 




The fixed bed reactor is very simple in construction. At the laboratory scale of 
the process, the main part of it consists of a quartz tube; it can also be made of stainless 
steel for industrial scale with a capacity reaches 16 and 4 ton/day. The pyrolysis 
process can be carried out in the presence or absence of an inert gas. 
The fluidized bed pyrolysis, in contrast to fixed bed pyrolysis, is a continuous 
process and is therefore very popular, particularly in commercial plants. An initially 
stationary fixed bed of solid particles, located in the bottom part of the reactor, is 
brought into a fluidized state by the carrier gas, supplied through a distributor located 
below the sieve bottom: the bed particles are kept in suspension at fluidization 
velocities between 0.5 and 3.0m/s. The construction of the sieve bottom, consisting of 
numerous nozzles or openings for their proper dimensions according to the rate of 
inert gas flow, should be enabled to create a bubbling fluidized surface. The space 
above the bubbling fluidized bed surface, most often with a larger diameter than the 
bed, is called the freeboard. 
The conical spouted bed reactor (CSBR) produces a higher liquid yields 
obtained compared to other reactors technologies. This results gives a convenience of 
working with a CSBR reactor as the main pyrolysis goal is to optimize the liquid 
product yield. These results are due to the interesting features of CSBRs: (i) simple 
design that does not require a gas distributor [123, 124], (ii) low pressure drop [124, 
125], (iii) versatility to be used with particles of different geometries and densities. 
A pilot plants using a screw/rotary reactor were established at Japanese Kobe 
Steel (Japan), ENEA Research Center (Italy) and the University of Kassel (Germany) 
[52].  
 
Fig. 2. 3. Types of pyrolysis reactors, (a) stirred tank reactor, (b) fixed bed reactor, 
(c) fluidized bed reactor, (d) conical spouted bed reactor (CSBR), (e) screw or rotary 




2.2.8. The effect of temperature and heating rate on the pyrolysis yield  
The slow pyrolysis of the pine wood in batch reactor was studied by Williams and 
Besler [127]. They investigated the effect of changing temperature from 300-720 °C 
and the heating rate from 5 to 80 °C/min on the slow pyrolysis yield. They found that 
as the pyrolysis temperature is increased as the percentage of produced char decreased; 
while the bio-oil and non-condensable gases increased. Whereas the effect of heating 
rate on the pyrolysis yield is insignificant. Similar results of the slow pyrolysis of 
eastern giant fennel in fixed bed reactor were obtained by Aysu and Kucuk [128]. The 
relation between the temperature on one side and the bio-oil and non-condensable 
gases from the other side is also confirmed by Stummann et al. [129] and Varma et al. 
[130] when they studied the Beech and sawdust wood pyrolysis in fluidized bed and 
semi batch reactor, respectively.  
The effect of temperature (450-600 °C) on the yield of fast pyrolysis of switch 
grass and different parts of cottonwood was investigated by Daniel et al. [131]. They 
found that the maximum quantity of bio-oil of 39.8% is obtained from cottonwood 
secondary stem at 450 °C whereas the maximum bio-oil yields for cottonwood main 
stem (38.4%), cottonwood branch (35.6%), and switch grass (34%) are found at 500 
°C, 450 °C, and 450 °C, respectively. these results are confirmed in several studies, 
where the maximum yields of bio-oil obtained from the pyrolysis of apricot kernel 
shells [91], pistachio[89], castor seeds [132], tamarind seed [133] and safflower seeds 
[134] are obtained at 500, 500, 550, 400, and 600 °C, respectively, when they studied 
the influence of the temperature on the pyrolysis products.  
Based on these results, it is concluded that the maximum pyrolysis yield of the 
bio-oil is achieved at certain temperature according to the type of the biomass material 
[89, 91, 131-137]. While, the non-condensable gases production increases when the 
pyrolysis temperature is increased [127-129].  
 
 2.3. Biomass feedstock and Pyrolysis review 
 
This section is divided to two parts; review of all biomass materials used for biofuel 
production via the pyrolysis process is introduced in the first part. While the second 





 2.3.1. Review of the pyrolysis of different biomass materials 
In this section, the recent studies on the pyrolysis process of different biomass 
materials are reviewed. The review focuses on the type of the pyrolysis and reactor 
and operating temperature as well. The pyrolysis product (bio-oil, char and non-
condensable gases) are also of great interest in this section.  
Rice, wheat and sugar cane residues are present in large quantities in the 
Middle East as mentioned in the previous chapter of this study. So, they take a lot of 
consideration in this review.  
Commercial-scale downdraft circulating fluidized-bed fast pyrolysis system 
with a feeding capacity of 3 t/h was studied by Cai et al. [138] for biofuel production 
from rice husk. The system was continuously operated at 550 °C for 80.42 h. The bio-
oil properties such as water content, density, viscosity, pH, specific heat, solid and ash 
contents were also analyzed. They found that all the tested properties of the bio-oil 
meet the pyrolysis liquid biofuels standards, except for the water content of the bio-
oil, which is considered slight high. Their energy balance analysis showed that the 
potential recovered energy of the three main products is 8.0, 2.1 and 5.3 MJ/kg for 
bio-oil, char and non-condensable gas, respectively.  
The biofuel production from the rice husk was also experimentally studied by Wang 
and Jan [139] using laboratory fluidized bed fast pyrolysis system. They found that 
the maximum bio-oil yield of 34.4% can be achieved at 450 °C.  
The fast pyrolysis of rice husk using fixed bed reactor was also studied by Hu et al.  
[140] and Gautam and Chaurasia [141]. The results obtained from these studies are 
summarized in Table 2.2.  
The slow pyrolysis of rice husk using fixed bed reactor was studied by Vieira 
et al. [142]. They studied the effect of changing the heating rate heating rate (5, 10 and 
20 °C/min), temperature (300, 400, and 500 °C) and residence time (3600, 5400 and 
7200 s) on the slow pyrolysis yield. They found that the temperature is the most 
significant parameter for the slow pyrolysis process to produce bio-char of good 
thermal characteristics.  
Slow pyrolysis of wheat straw in fixed bed reactor is investigated by Farooq et 
al. [143]. Considerable bio-oil yields are obtained from the wheat straw pyrolysis 
compared with that obtained from the slow pyrolysis of the biomass materials as 




Many studies have been conducted for biofuel production from the sugar cane 
residues by using slow [144-146] and fast pyrolysis [147, 148] process. The results 
showed that high bio-oil yield of 43% is obtained from the pyrolysis of sugar cane 
bagasse in fixed bed reactor [144]. 
Gutiérrez et al. [88] used pyrolysis process to obtain bio-oil from cardoon. 
They concluded that high yield of bio-oil reaches 38.91% can be achieved by the 
pyrolysis of cardoon.  
Slow pyrolysis of various materials were also studied such as bamboo 
subfamily [149], crambe seeds [150], cypress [151], vegetable waste and pine cones 
[152], walnut shells [136], live and dead vegetation native to the southern United State 
of America [153]. 
The various biomass materials recently studied for biofuel production using 




Table 2. 2. The biomass materials recently studied for biofuel production by pyrolysis process 
Biomass material  Type of pyrolysis/ reactor  Operating 
temperature  ( ᵒC) 
Pyrolysis yield (%)  Ref. 





Fast pyrolysis/downdraft circulating fluidized bed 
reactor 
550 53.2 30 16.8 [138] 
Fast pyrolysis/Fluidized bed  450 40 27 33 [139] 
Fast pyrolysis/Fixed bed reactor 550 40.26 34.39  [140] 
Fast pyrolysis/Fixed bed reactor 450-650 42 (at 550 ᵒC) 40 18 [141] 
Slow pyrolysis/Fixed bed reactor 300-500 39.84 (at 400 o C) 37.51 9.81 [142] 
 
Rice straw 
Slow pyrolysis/ auger reactor   
500 
25.7 44.9 13.2  
[121] Slow pyrolysis/batch reactor 31.3 47.7 11.5 
Fast pyrolysis/Fluidized bed reactor 43.4 26.8 23 
Wheat straw Slow pyrolysis/ fixed bed reactor  500 35 32 33 [143] 
Sugar cane bagasse Slow pyrolysis/fixed bed reactor 300-550 43 (at 420 ᵒC) 32.6 24.4 [144] 
Sugar cane straw Fast pyrolysis/fluidized bed reactor 470-600 35.5 (at 470 ᵒC ) 48.2 16.3 [147] 
Giant fennel Slow pyrolysis/fixed bed reactor  300-600 45.02 (at 500 o C) 26.15 28.83 [128] 
walnut shells Slow pyrolysis/fixed bed reactor  300-600 42 (at 500 ᵒC) 32 26 [136] 
Grape seeds  Slow pyrolysis/fixed bed reactor  550  38.8 33.4 23.9 [154] 
Wood sawdust Semi batch reactor  350-650 44.16 (at 500 o C)  30 25.84 [130] 
Beech wood Catalytic hydro-pyrolysis/fluidized bed reactor 365-511 22.5 at (511ᵒC) 67.5 10 [129] 




2.3.2. Literature review on biofuel production from date palm wastes 
The potential of date palm residues conversion to biofuel were studied by many 
researchers in the Middle East and North Africa, where the date palm trees are 
abundantly available. The proximate, ultimate, and thermo-gravimetric analyses are 
considered the primary step in any approach to biofuel production from any biomass 
material. This step is very important to determine the physical and chemical properties 
of the biomass and its elemental composition. Based on these analyses the utilization 
potential of any feedstock as biomass for bio-fuel production can be identified.     
Nasser et al. [85] used the proximate, ultimate, and thermo-gravimetric 
techniques to chemically analyze the different parts of date palm. Samples from 
different parts of date palm were collected and experimentally studied, namely date 
stone, leaflets, trunk, frond base and midrib, coir, fruit stem, and fruit empty bunches. 
The ultimate analysis showed that high carbon and hydrogen contents are found in the 
date stone compared with other parts of date palm as illustrated in Table 2.3. Based 
on their obtained results, they recommended date palm stones and palm coir for biofuel 
production using the pyrolysis process. Among the different date palm residues, the 
date palm stone is also recommended by El may et al. [55] for biofuel production. The 
proximate, and ultimate analysis were used by many researchers in the Middle East in 
order to chemically analyze the different parts of date palm wastes such as stones [20, 
156], rachis[21, 82, 156], leaflets[21, 82, 156], empty fruit bunches [21, 82], Glaich 
[82], and fronds [157]. The results obtained from these studies are summarized in 
Table 2.3. 
From the results tabulated in Table 2.3, the highest carbon content of (45.3-
51.2%) was found in date palm stone [20, 55, 85, 156].   
Pyrolysis kinetics of date palm wastes (stones, leaflets and rachis)  are studied 
by Sait et al. [156] using thermo-gravimetric analysis technique. They concluded that 




Table 2. 3.  Elemental composition of date palm wastes (weight basis) 
Biomass material  C % H % N %  S % O %a Ref.  
Date palm  stone  48.43 6.44 0.67 - 42.2 [20] 
47.14 6.63 0.9 - 45.33 [85] 
51.2 6.4 0.73 < 0.2 40.9 [55] 
45.3 5.6 1 0.8 47.2 [156] 
Date palm rachis  39.95 7.19 0.158 - 52.7 [82] 
39.8 5.7 0.19 0.26 43 [55] 
36.1 5.2 0.7 0.7 57.2 [156] 
42.67 5.83 0.58 0.15 50.78 [21] 
Date Palm Leaflets  43.14 7.49 0.196 - 52.71 [82] 
46.5 5.69 0.66 - 47.15 [85] 
40.8 6 0.63 0.21 35.2 [55] 
49.4 5.8 1.2 1.3 42.3 [156] 
40.76 5.55 1.32 0.24 52.14 [21] 
Date Palm trunk  44.46 5.75 0.55 - 49.24 [85] 
42.76 5.8 0.21 0.12 45.5 [55] 
Date Palm fruit stalk pruning   44.47 5.97 0.32 - 49.24 [85] 
42.7 5.8 < 0.3 < 0.2 40.9 [55] 
Date palm Empty Fruit Bunches  43.49 7.51 0.188 - 52.73 [82] 
45.58 6.03 0.26 - 48.13 [85] 
44.07 5.97 0.74 0.18 49.05 [21] 
Date palm frond base  40.48 5.63 0.28 - 53.61 [85] 
36.3-38.9 5.4-5.7 0.28-0.47 0.33-o.66 54.4-57.6 [157] 
Date palm frond midrib 45.65 5.95 0.27 - 48.13 [85] 






   The slow pyrolysis of palm date stones in a laboratory scale semi-batch fixed 
bed reactor was investigated by Fadhil et al. [20]. They used the Perkin 240 C 
Elemental Analyzer to determine the date stones carbon, hydrogen and nitrogen 
contents. The cellulose, hemicellulose and lignin contents were also determined 
according to the procedure described by the national renewable energy laboratory 
(NREL) [158]. The influence of the pyrolysis temperature, time and date stones size 
on the bio-oil yield was also studied. They found that the maximum bio-oil yield of 
52.67% is obtained when the temperature and time of the pyrolysis process are 500 °C 
and 60 min, respectively, when date stone size of 0.25 mm is used as shown in Table 
2.4. The proximate and ultimate analysis were performed to obtain the physical and 
chemical properties of the bio-oil. Furthermore, they also used adsorption column 
chromatography to determine the chemical composition of the obtained bio-oil. They 
found that the chemical composition of the bio-oil produced from the pyrolysis of date 
stones showed the potential of date stones is an important source of alternative fuel 
and chemicals as well. 
Recently, slow pyrolysis of date palm stones and date palm mixture wastes  in 
a bench-scale fluidized bed reactor was studied by Bharath et al. [84]. In order to 
optimize the production of pyrolysis bio-oil, they studied the effects of varying the 
different experimental parameters such as the pyrolysis time (10–60 min), temperature 
(300–600 °C), fluidizing gas flow rate (5–30 mL/ min), and biomass loading (50–350 
g). The elemental analysis of the used date palm waste (DPW) and the obtained bio-
oil were also conducted. In addition, the chemical composition of the bio-oil were also 
found using the GC-MS analysis. Their results showed that a high quantity of bio-oil 
is produced from the pyrolysis of date stone and date palm mixture wastes at 500 °C 
for 30 min with a feedstock loading of 200 g and fluidizing gas flow rate of 10 mL/min.  
Slow Pyrolysis of DPW in a fixed-bed reactor was studied by Bensidhom et 
al. [82]. The DPW includes date palm rachis (DPR), date palm leaflets (DPL), empty 
fruit bunches (EFB) and date palm Glaich (DPG). The moisture, volatile matter, ash 
and fixed carbon contents of the DPWs were firstly determined. The celluloses, 
hemicelluloses and lignin were also measured. The pyrolysis of the different DPW 
samples were conducted in fixed bed reactor at final temperature of 500 °C, with 
heating rate of 15 °C/min.  The elemental analysis of bio-oil and char obtained from 




obtained from each DPW. They concluded that the maximum bio-oil is obtained from 
the pyrolysis of date palm empty fruits bunches which reaches 25.99% followed by 
rachis which produces bio-oil of 25.9% as illustrated in Table 2.4. 
The fast pyrolysis of several date palm wastes such as leaflets, rachis (leaf 
stem), empty fruit bunches and mixture of DPW was performed by Makkawi et al. 
[21]. The fast pyrolysis was performed in a bubbling fluidized bed reactor at 525 °C. 
The proximate and ultimate analysis of different used DPW as well as their produced 
bio-oil were conducted. The chemical composition of the bio-oil was also determined 
using GC-MS analysis. They found that the pyrolysis yield consists of 38.75% bio-
oil, 37.23% bio-char and 24.02% non-condensable gas. The GC-MS analysis showed 
that the bio-oil consisted of at least 140 detectable compounds, where d-Allose 
(monosaccharide), phenols, catechol and apocynin are the main components.  
In order to recognise the effect of the pyrolysis temperature on the produced 
bio-char, a slow pyrolysis of date palm rachis was conducted at two temperatures (700 
and 900 °C) by Poulose et al. [159]. The elemental analysis showed that the carbon 
content of bio-char has increased from 66.7% to 69.38% as the pyrolysis temperature 
is increased from 700 °C to 900 °C, while the hydrogen and oxygen contents decreased 
from 1.01% to 0.65% and from 8.05% to 5.35 %, respectively. 
An optimized model of fast pyrolysis was developed by Mabrouki et al. [160] 
for the production of bio-fuels from date palm rachis, olive stones, vine stems and 
almond shells. Simulation tests were performed at different temperatures ranging from 
450 to 650 °C, and residence times ranging from 0.1 to 10 s. The optimal temperature 
and residence time that give the maximum yield of bio-oil are found 575 °C and 0.25 
s, respectively. They found also that the highest yield of bio-oil is obtained from the 
date palm rachis flowed by vine stem.  
In order to maximize the bio-oil yield from the slow pyrolysis of date palm 
shell, an helical screw fluidized bed reactor was designed and installed by Qureshi et 
al. [161]. Their experiments were performed with heating rate of 10 °C/min to reach 
500 °C without using any inert gases. They found that the bio-oil yield is increased 
from 38.4 to 51.6 wt.% when the helical screw rotation is increased from 0 to 50- rpm. 
The elemental analysis of the bio-oil and char were also performed. Moreover, the 
chemical composition of the produce bio-oil was also determined. 
The production of bio-char from slow pyrolysis of date palm fronds was 




produced from the fronds of date palm has fixed carbon 45 %, volatile 43.2 % and ash 
7.1 %; while the elemental analysis showed high carbon content of 60.9%. 
A pyrolysis of date palm waste heated by parabolic trough solar collector was 
designed and simulated by  Giwa et al. [163] for  bio-char production. The   economic 
and environmental sustainability implications were also evaluated. Their proposed 
system not only shows sustainable opportunities for bio-char production but also 







Table 2. 4. The pyrolysis product obtained from different date palm wastes in wet basis. 
Ref.  Pyrolysis mode/type of reactor Temperature (˚C), 
heating rate  
(˚C/min) 
Date palm wastes    Bio-oil (%) Char (%) Gases 
(%) 
[20] Slow/laboratory scale fixed bed 
reactor 
350-600, 20   
Date palm stone 
52.67 (max. at 500 °C) 22.33 25 
[84] Slow pyrolysis/ fluidized bed reactor 300-600, 20 66.5 (max. at 500 °C )  27.3 6.2 
[82] Slow/fixed bed 500, 15 Date palm rachis  25.9 35 39.1 
Date Palm Leaflets  17.03 36.66 46.31 
Empty Fruit Bunches  25.99 33.33 40.68 
Date Palm Glaich  25 31.63 43.37 
[161] Slow/helical screw fluidized bed 
reactor without rotation 
500, 10 Palm shell 38.4 35.5 26.1 
Slow/helical screw fluidized bed 
reactor with rotation 50 rpm 
500, 10 Palm shell 51.6 26.6 21.8 
[164] Slow /fixed bed 550/10 Date palm frond 49 26 25 
[21] Fast/bubbling 
fluidized bed 
525/- Mixture of date palm 
wastes 





Among the several date palm wastes displayed in Table 2.4,  the maximum bio-oil 
yield of 66.5% is obtained from  date palm stone by slow pyrolysis recently conducted 
by Bharath et al. [84]  using fluidized bed reactor at 500 ̊ C and heating rate 20 ̊ C/min. 
The bio-oil production from the slow pyrolysis of date palm stone, performed by 
Fadhil et al. [20]  in a fixed bed reactor at 500 ˚C with heating rate 20 ˚C/min, comes 
in the second rank with 52.67%.  The slow pyrolysis of palm shell in fluidized bed 
reactor at 500 with heating rate 10 ˚C/min is also of high amount 51.6%, followed by 
the slow pyrolysis of the palm frond in a fixed bed reactor at 550 ˚C with heating rate 
10 ˚C/min. While the first top four process of char production are the fast pyrolysis of 
date palm mixture wastes including rachis [21], slow pyrolysis of leaflets  [82], palm 
shell [161], and rachis [82] using fixed bed reactor.  
Finally, the results of Table 2.4 shows that the selection of specific date palm 
waste as well as the pyrolysis type for biofuel production depends on the biofuel type 
that required to be optimized. So, in order to optimize the bio-oil yield based on the 
results of Table 2.4, it is recommended to use slow pyrolysis of date palm stone in 
fluidized bed or fixed bed reactor, at temperature of 500 ˚C and heating rate of 20 
˚C/min. While the slow pyrolysis of leaflets, rachis and palm shell in fixed bed reactor 
is recommended for bio-char production. 
2.3.2.1. The products of the date palm waste pyrolysis  
 
The characterization of the pyrolysis products obtained from the date palm wastes 
(bio-oil, char and gas) is studied by many researchers in the Middle East and north of 
Africa [20, 21, 82]. The characterization of the bio-oil and bio-char includes the 
proximate and ultimate analysis in order to determine the physical and chemical 
properties in addition to its elemental composition. While the GC-MS analysis is used 
to obtain the chemical composition of bio-oil. The syngas composition is also 
measured using a gas analyzer. In the following section the characterization of bio-oil, 
char and non-condensable gases specifically obtained from the date palm wastes 
pyrolysis are reviewed. 
2.3.2.1.1. Characterization of the pyrolysis bio-oil  
 
In order to consider the bio-oil for any application, it is very important to know the 




pyrolysis process. Table 2.5 displays the elemental analysis of the bio-oil obtained 
from several date palm wastes. The date palm stone shows high carbon content of 
73.56% compared with other date palm wastes. It is similar to other plant seeds 
especially rapeseed and linseed as clearly seen in Table 2.5.  
The chemical composition of the bio-oil obtained from the pyrolysis of several DPW 
such as date palm stones [84], palm frond [164], palm shell  [161] and date palm 
mixture wastes [84] are summarized in Table 2.5. 
Table 2. 5.  Ultimate analysis of the bio-oil obtained from the pyrolysis of date palm wastes 
compared with other agricultural wastes. 
Biomass material  C % H % N %  S % O %a HHV 
(MJ/kg) 
Date palm  stone [20] 73.56 10.50      1.26 - 14.68  37.38 
Date palm rachis [82] 60.43 8.02      0.012 - 31.45 24.21 
Date Palm Leaflets [82] 51.5 7.68 0.046 - 40.78 21.46
 
 
Empty Fruit Bunches 
[82] 
57.45  8.07  0.037  - 34.45  23.4 
Date Palm Glaich [82] 58.7 8.25 0.025 - 32.97 23.89 
Palm shell [161] 65-77 12 6.6-9.5 0.92 0.4-14.9 37-43.7 
Mixture of date palm 
wastes [21] 
49.63 7.35 1.09 0.1 41.84 20.88 
Rice husk [86]
 
23.38 10.39 0.51 <0.1 65.63 28.71 
Rapeseed [165] 73.1 11.5 4.7 0 10.7 - 
Linseed [166] 75.42 10.26 1.5 0 13.8 - 
Pistachio shell [89] 67.44 7.82 0.42 - 24.32 - 
Apricot shell [91] 64.45  8.24  0.18 -  26.5 27.19 
Mahua seed [92] 69.23  9.12  2.53  - 18.14 39.02 
Pomegranate seeds [167]
 





2.3.2.1.2. Characterization of the bio-char 
 
Rarely studies on the characterization of the bio-char obtained from the pyrolysis of 
FPW were found in the literature. The elemental analysis of the bio char obtained from 
the date palm rachis, leaflets, empty fruit bunches and glaich by pyrolysis at 500 °C 
and 15 °C/min are summarized in Table 2.6. It is obviously seen in this table that the 
carbon content is found in the range of 52.70-62.68 % for all DPW except glaich, 
where high carbon content is found (73.68%). The bio-char hydrogen content is found 
in the range 3.21-6.62 %, nitrogen content varied from 0.13 to 0.21 %, and oxygen 
content was 22.30-34.12 %, except for leaflets sample which had 40.54% of oxygen 
content. The carbon, hydrogen and oxygen contents are close to those of bio-char 
samples obtained from grape seeds using fixed bed reactor at final temperature 500 °C 






















Table 2. 6. The elemental analysis of the bio-char obtained from different palm tree parts on wet basis.  
Ref.  Type of pyrolysis,  temperature, and 
heating rate  
Biomass material  C % H % N %  S % O % HHV 
(MJ/kg) 
[82] Slow pyrolysis in fixed bed reactor, 500 °C, 
15 °C/min 
Date palm rachis  62.68 4.32 0.129 - 32.87 22.36 
Date Palm Leaflets  52.7 6.62 0.135 - 40.54 21.09 
Empty Fruit Bunches  62.47 3.21 0.206 - 34.12 21.56 
Date Palm Glaich  73.68 3.86 0.61 - 22.3 25.16 
[159] Slow pyrolysis, 700 °C  
Date palm rachis  
66.7 1.01 - - 8.05 - 
Slow pyrolysis, 900 °C 69.38 0.65 - - 5.35 - 
[162] Slow pyrolysis, 400 °C, 5°C/min Date palm fronds  60.9 2.5 1.2 2.2 25.6 - 
[161] 
Slow/helical screw fluidized bed reactor 
without rotation, 500 °C, 10°C/min 
 
Date palm shell 
60.12 9.21 0.42 0.92 29.33 31.3 
Slow/helical screw fluidized bed reactor with 
rotation 50 rpm, 500 °C, 10°C/min 




2.3.2.1.3. The composition of non-condensable gases (syngas) 
  
 Rarely studies have reported the composition of non-condensable gases obtained from 
the pyrolysis of date palm wastes. The composition of syngas obtained from the slow 
pyrolysis of date palm rachis, leaflets, empty fruit bunches and glaich are determined by 
Bensidhom et al. [82] using a gas analyzer. The main component of the syngas is CO 
which constitutes 31.8-57.95% as clearly seen in Table 2.7. The maximum amount of CO 
of 57.95% is obtained from rachis, followed by empty fruit bunches which reaches 
55.15%. A considerable amount of H2 (12.76%) and CH4 (6.7%) are obtained from date 
palm empty fruit bunches. 
 
Table 2. 7. The chemical composition of syngas obtained from the pyrolysis of several 
date palm wastes. 










[82] Date palm rachis 57.95 0.55 2.61 0.52 0.71 
Date palm leaflets 50.03  0.33  3.27   0.52   1.90  
Date palm empty fruit 
bunches 
55.15  0.41 6.70  0.70 12.76  
Date palm glaich  31.80 0.34 3.60 0.53 1.96 
 
From the results reviewed in this chapter, and based on the abundant of date palm 
trees in the Middle East, date palm wastes especially date stones and rachis are useful as 













Several factors affect the fuel properties obtained from biomass materials. Lignin and 
higher extractives contents contribute to a high heating value [170, 171], while ash content 
in the biomass is considered as an undesirable material for fuel production [171-175]. The 
density and heating value of the raw material are also very important factors affecting the 
overall fuel production [171, 176-178]. 
The chemical energy of a solid fuel is stored in the forms of volatiles and fixed 
carbon [64]. The volatile matter content (VM) is the portion driven off as a vapour or gas 
by heating the biomass to 950 °C, while the remaining portion is known as fixed carbon 
(FC), excluding the ash and moisture contents. The measurement of VM, FC, ash and 
water contents (WC) is known as a proximate analysis which is considered an excellent 
method to predict the heating values of a biomass [179-182].  
The elemental analysis (ultimate analysis) is used to determine the elemental mass 
fraction of carbon, hydrogen, nitrogen, sulphur and oxygen (C, H, N, S and O) in the 
biomass, bio-oil, and bio-char. High oxygen content in the feedstock promotes the 
formation of oxygenated compounds in the bio-oil which have a negative impact on the 
bio-oil stability and limit its application as a transportation fuel [21]. High sulphur content 
is also unwanted, as it increases the corrosion and undesirable gas emissions [21]. 
Thermo-gravimetric analysis (TGA) was used to recognise the thermochemical 
conversion kinetics of several biomasses such as date seed [156, 183], wheat straw [87], 
peanut shell, corncob and pine needle [173]. 
Unlike the conventional crude oil derived from fossil fuels (such as petroleum and 
coal oil), the chemical composition of bio-oil from fast pyrolysis of biomass is highly 
complex and contains a vast array of chemical compounds and a water fraction. Bio-oil 
is generally known to be thermally unstable and has high tendency to polymerize when 
exposed to air [102, 184]. So, The GC/MS analysis is also of great important, where it 




In this study, the thermochemical characterisation of date palm stones and rachis 
obtained from two types of palm trees, Barhee and Medjool is experimentally studied. 
This chapter describe in detail the analysis methods used for characterization of the 
biomass feedstock and the product bio-oil from pyrolysis.    
 
3.2 Biomass characterisation methods: 
3.2.1 Proximate analysis 
The proximate analysis is used to determine the physical characteristics of biomass. Using 
this method, the moisture content, volatile matter, ash, fixed carbon, total solid, calorific 
value and decomposition temperature of the biomass sample can be obtained.  
3.2.1.1 Moisture content 
The moisture content (MC) is defined as the amount of water present in the sample which 
significantly changes when exposed to air [185]. In the current work, the moisture content 
was determined according to the ASTM E1757-01. Where the biomass is dried at 105°C 




× 100                                               (3.1)  
𝑀𝐶 % = (100 − 𝑚𝑠,105%).                                            (3.2) 
Where: 
𝑚𝑠,105, 𝑚𝑐, 𝑚𝑖, and 𝑚𝑓, are the mass percent of total solids based on 105
oC, the mass of 
the dried container, initial mass of the container and biomass and the final mass of the 
container and the biomass at 105 °C. 
3.2.1.2 Volatile content 
The volatile content is the amount of gaseous products released (excluding moisture) 
when the sample is exposed to high temperatures. Furnace of maximum temperature 1100 
°C was used in this test, where the sample is placed in a crucible at temperature 900°C for 
7 minutes. Afterwards, the crucible and the sample were removed from the furnace and 
the weight of the crucible and sample was measured. The difference in weight loss before 
and after heating cycle inside the furnace is representative of the amount of the volatile 




𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠, % =
A−B
A
  𝑥 100.                    (3.3) 
Where A and B are the weight of sample before and after heating, respectively. 
The volatile matter is then calculated by: 
𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑚𝑎𝑡𝑡𝑒𝑟 (𝑉𝑀), % = 𝐶 − 𝐷.             (3.4) 
Where C is the weight loss percentage; while D is the moisture content percentage. 
3.2.1.3 Ash content 
The ash is the residual inorganic mass that remains after the combustion of the biomass 
at a given temperature [186, 187]. The ash content is measured after the moisture content 
test according to the ASTM E 1755-01 standard. This test involves heating up the sample 
at temperatures around 575 ± 25°C for 3 hours. The remaining mass represents the weight 
of ash. The moisture-free solid in the biomass sample can be calculated based on the value 
of 𝑚𝑠,105 calculateted using Eq. (3.1): 
𝑚𝑠 = (𝑚𝑖 − 𝑚𝑐) × 𝑚𝑠,105.                    (3.5) 
Where: 
𝑚𝑠: is the mass of moisture-free solids in the biomass sample,  
𝑚𝑖: is the initial mass of the prepared sample and the container,  
𝑚𝑐: is the mass of the container, 
𝑚𝑠,105: is the mass percent of total solids based on 105 °C mass.  





 𝑥 100.                        (3.6) 
Where: 
% ash: is the mass percentage of ash based on 105°C oven-dried mass of the sample,  
𝑚𝑎𝑠ℎ: is the mass of ash and container,  




3.2.1.4. Fixed carbon 
 
The fixed carbon is defined as the amount of carbon left in the sample after the sample 
has been heated to thermally decompose. The fixed carbon can be calculated as follow 
[188]: 
𝐹𝐶% = 100 − (𝑀𝐶 % + 𝑉𝑀 % + 𝑎𝑠ℎ %).      (3.7) 
3.2.2. Elemental analysis (Ultimate analysis) 
The ultimate analysis provides information about the elemental components such as 
carbon, hydrogen, nitrogen, oxygen and sulphur contents [187, 189]. This analysis can be 
carried out by passing the biomass sample through a reduction furnace where the sample 
is separated in a chromatographic column using helium as the carrier gas. The device 
contains a thermal conductivity detector that specifies the concentration of the individual 
elements in the sample [190]. In fact, the equipment that carry out this analysis is not 
available in the laboratory, so, the samples were sent to MEDAC LTD (analytical and 
chemical consultancy services) to carry out the ultimate analysis. Where carbon, hydrogen 
and nitrogen were provided, while the oxygen content was calculated from the difference.  
3.2.3. Structure/Composition Analysis 
3.2.3.1. The Compositional Pelican Method  
 
The compositional or the pelican method determines the neutral detergent fibre (NDF). 
Where a powdered biomass sample of 0.5 – 1g was placed in a crucible in which 100 ml 
of a neutral detergent solution and 0.5 g of sodium sulphite were previously added at room 
temperature. The sample was then heated to 400 °C then it is refluxed for 60 minutes from 
the onset of boiling. The mixture is then filtered and washed with water and acetone and 
the crucible was dried at 105 °C for 8 hours as shown in Fig. 3. 1. The remaining mass 
shown in Fig 3.1 represents the NDF. The percentage of NDF was calculated according 
to Soest et al. [191] as follows: 
𝑁𝐷𝐹(%) =
(𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒+𝑁𝐷𝐹)−𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒





Fig. 3. 1. An illustration of the NDF determination of the rachis (left) and stone (right) 
samples. 
On the other hand, the determination of the acid detergent fibre (ADF) has been carried 
out using a similar process used for the NDF, the only difference is an acid detergent has 
been used in place of the neutral detergent solution. The percentage of ADF was obtained 
as [191]: 
𝐴𝐷𝐹 (%) =
(𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒+𝐴𝐷𝐹)−𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
 × 100.                        (3.9) 
In order to calculate the acid detergent lignin (ADL), the ADF has been prepared in a 
crucible by adding 72% of H2SO4 which was allowed to be mixed at a constant stirring 
rate for 3 hours. The mixture was then washed twice with water and dried in hot air oven 
at 100 °C for 8 hours while the weight loss was recorded. An illustration of the ADL 
samples prepared in the current study are shown in Fig. 3. 2. The ash was also determined 
by keeping the crucible in a muffle furnace at 500 °C for 7 minutes while recording the 





Fig. 3. 2. An illustration of the ADL determination of the stone (left) and rachis (right) 
samples 
 







The percentage of cellulose, hemicellulose and lignin were determined as follows [191]: 
𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (%) = 𝑁𝐷𝐹 (%) − % 𝐴𝐷𝐹 (%).                            (3.10)                                         
 
𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (%) =  
(𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐴𝐷𝐹+𝐶𝑟𝑢𝑐𝑖𝑏𝑙𝑒)−(𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒+𝐿𝑖𝑔𝑛𝑖𝑛)
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
× 100.     (3.11)   
 
𝐿𝑖𝑔𝑛𝑖𝑛(%) =  
(𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒+𝐿𝑖𝑔𝑛𝑖𝑛)−(𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒+𝐴𝑠ℎ)
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
 × 100.           (3.12) 
 
3.2.3.2. The Structural Method  
 
The Soxhlet extraction method was conducted to determine the amount of cellulose, 
hemicellulose and lignin. The Soxhlet extractor is shown in Fig. 3. 4. 
 
Fig. 3. 4. An illustration of the Soxhlet extractor utilised in the experiment. 
 
The current analysis was carried out according to a standard method described by Ona et 
al [192]. In this method, biomass samples were extracted with a mixture of 95% ethanol 




water for 4 hours by a Soxhlet extractor. The extractives contents were then calculated 
from the weight loss. Lignin contents were determined as Klason lignin or acid-insoluble 
lignin, which is the residue after hydrolysis with 72% sulphuric acid. Holocellulose 
samples were prepared by delignification using acid chlorite method where sodium 
chlorite (NaCI) was used for the reaction in acetate buffer (pH 3.5). Hemicellulose was 
removed by alkali extraction method in which 17.5% NaOH solution was applied. 
3.2.3.3. Structural Analysis - Klason Lignin Determination (small scale method) 
3.2.3.3.1. Extractives 
 
In this part of the experiment, ethanol-benzene and hot water have been used as the 
solvents. This set of solvents are normally used to extract waxes, fats, resins and wood 
gum where the hot water removes the tannins, gums, sugars and the colour-producing 
chemicals. On the other hand, the ASTM standard E1690-08/95 has been used for the 
extractive measurements of the biomass [193]. The test procedure of the current method 
involves the followings (Fig. 3. 5): 
1. The thimbles were weighed alongside the cover without the sample. The thimbles 
were weighed by adding 2-3 g of sample. 
2. The thimbles were dried in a vacuum furnace at temperatures not exceeding 45 °C 
for about 24 hours (or till the weight becomes stable, i.e. constant). 
3. The thimbles were then dried down to room temperature in a desiccator for an 
hour then weighed. 
4. The thimbles were then kept in the Soxhlet extraction unit. 
5. At this stage, 200 ml of ethanol-toluene mixture were placed in a 500 ml round 
bottom flask alongside several boiling chips to prevent bumping. 
6. The extraction process is then commenced with well-ventilated chemical fume 
hood for about 2 hours while keeping the liquid boiling. The siphoning from the 
extractor should not be less than 4 times/hour. 





8. The sample was then washed using ethanol and dried in a vacuum furnace 
overnight at temperature of 45 °C for about 24 hours. 
9. The dried sample was then removed and cooled down in a desiccator for an hour. 
10. The sample was then weighed and at this stage the sample is called an ’extractive-
free sample’. 
 
Fig. 3. 5.  (a) Alkali extractives sample, (b) Alkali extractives sample +72% sulphuric 




The process for measuring the lignin content was as follows [192]: 
1. About 15 mg of the extractive-free samples was weighed and placed in a 2 ml 
Eppendorf tube. 
2. Around 0.75 ml of 0.1M Sodium Hydroxide was added and boiled for an hour 




3. The sample was then filtered with a pre-weighted glass filtering crucible (2 ml, 
medium porosity). The sample was then washed with 4.5 ml of hot distilled water, 
0.75 ml of 10% Acetic Acid and 4.5 ml of hot distilled water. 
4. The sample was dried under high vacuum and then the residue was weighed to 
determine the Alkali extractives (Fig. 3. 5). 
5. Around 10 mg of the Alkali-extracted sample was weighed and placed in a 25 ml 
flask. 
6. The flask was then soaked in a 20 °C water bath while adding 0.2 ml of 72% 
sulphuric acid. 
7. The sample was then smashed occasionally during reaction using a disposable 
transfer pipette. Then, after 2 hours, 10 ml of distilled water and reflux was added. 
8. After 2 hours of treatment, the sample should be filtered using a pre-weighed glass 
filtering crucible (0.8 ml, fine porosity) and then washed with distilled water 3 
times. 
9. The sample should be dried under vacuum and the residue has to be weighed in 
order to calculate the lignin content. 
3.2.3.3.3. Holocellulose 
 
The procedure to measure the amount of holocellulose was as follows (Fig. 3. 6): 
1. A new sample of the extractive-free sample has to be withdrawn so that about 90 
mg was left in the same glass filtering crucible as that used for extraction. 
2. The sample was then washed using Acetone and dried under high vacuum. 
3. The crucible leg was plugged with a septum and the joint was wrapped using labo-
sealing tape (3M, St. Paul, MN). 
4. The crucible was then soaked in a 70 °C water bath while adding 1.4 ml of 0.2 M 
sodium acetate (pH 3.2). 
5. About 0.1-0.2 ml of sodium chlorite was added and stirred with a small glass rod. 
6. After 30 min, the process in point (5) has to be repeated. 
7. After 45 min, the spetum was removed and placed in an ice cold distilled water 




8. The sample was then squeezed and washed with ice-cold 1% acetic acid 3 times 
and then with ice-cold acetone twice. 
9. The sample was then dried under high vacuum and the residue was weighed. 
10. The holocellulose was then determined after measuring the lignin content in the 
holocellulose. 
 
Fig. 3. 6. The holocellulose wash with acetone. 
 
3.2.3.3.4. Lignin in holocellulose  
 
The process used to determine the amount of lignin in holocellulose was as follows (Fig. 
3. 7): 
1.    A 10 mg sample of the holocellulose was weighed then the steps from point (5) to 
(9) used to determine holocellulose were followed. 
2. For the -cellulose, the process was as follows: 
a. A sample of around 19 to 21 mg holocellulose was withdrawn from the glass 




b. The sample was washed with acetone and then dried under high vacuum and 
weighed. 
c. The crucible was plugged with septum and then the joint was wrapped with 
labo-sealing tape. 
d. The crucible was then soaked in a 20 °C water bath while adding 0.2 ml of 
17.5% sodium hydroxide and then stirred. 
e. After 5 min, an amount of 0.4 ml of 17.5% sodium hydroxide was then added. 
f. After 40 min, an amount of 0.4 ml of distilled water was then added while 
removing the septum. 
g. The sample was then squeezed and washed with distilled water 3 times. 
h. An amount of 0.3 ml of 12% acetic acid was then added and held for 5min. 
i. The sample was then washed with distilled water 3 times and then dried under 
high vacuum. 
j. The residue was then weighed to calculate the -cellulose content. 
 
Fig. 3. 7. (a) Holocellulose sample and 72% sulfuric acid, (b) Lignin in holocellulose at 
20 °C, (c) Lignin in holocellulose after dry, (d) a-cellulose sample and 17.5% NaOH, (e) 




3.2.4. Heating value  
3.2.4.1. The Theoretical Calculation of HHV 
 
The value of the higher heating value (HHV) was determined using the HHV equation 
given by Singh et al. [188] and  Demirbas [194]: 
HHV = (33.5 × C % + 142.3 × H % -15.4 × O % - 14.5 × N %) ×10-2         (3.13) 
This analysis will be used in order to calculate the amount of energy available in each unit 
of the biomass.  
3.2.4.2. The Experimental Calculation of HHV (Bomb calorimeter C200M/2/006 
DEC13) 
A bomb calorimeter will measure the amount of heat generated when combustion matter 
is burnt. It is a sealed combustion chamber that is pre-filled with a known mass of fuel 
and sufficient pure oxygen to ensure complete combustion. 
3.2.4.2.1 Operating Procedures 
 
1. Charge weight calculation  
Before operating the bomb, it is necessary to ensure that the product of the sample weight 
and the potential calorific value do not exceed the 7000 cal (29300 J) allowable maximum. 
The gross calorific value assumes that the water of combustion is entirely condensed and 
that the heat contained in the water vapour is recovered. If the sample for example is diesel 
then the typical gross calorific value (GCV) is 44,800 kJ/kg (or GCV = 44.8 kJ/g). 
If the allowable maximum energy release for the calorimeter is 29300 J, then the 













As the density of fuels can vary, it is recommended that the fuel sample is weighed into 
the sample crucible using an accurate balance. 
2. The Main Components of the Bomb Calorimeter:  
The main parts of the Bomb Calorimeter are shown in Fig. 3. 8. These parts were used to 
carry out the experiment as will be discussed later. 
 
Fig. 3. 8. The various parts of the Bomb Calorimeter. 
 
3. Preparing the samples (solids)   
The following steps were followed to prepare the solid samples (Fig. 3. 9): 
1. An electronic scale, was used to weigh approximately 1.0 g of the biomass 
sample (𝑚𝑓). 




3. The screw was used to press the completed pellet out of the cylinder. 
4. Finally, the pellet was re-weighed to ensure that it is not over the maximum 
weight calculated in the charge weight calculation. 
 
 
Fig. 3. 9. The pellet press used to prepare the solid samples. 
4. Preparing the sample (liquid) 
The following steps were followed to prepare the liquid samples: 
1. It was ensured that the crucible was thoroughly dried. Then, the crucible was 
weighed with and without the sample. 
2. It is necessary to use some form of dropper or syringe in order to drop the fuel 
into the crucible. 
3. The liquid sample in the crucible was weighed by an accurate balance. If too 






5. Preparing the Bomb Vessel (solid and liquid samples) 
It is important to ensure that the bomb vessel and crucible are clean from inside. Then the 
following steps have to be followed: 
1. A length of approximately 60 mm of the Nichrome wire was cut and weighed 
using a suitable balance (the recorded weight is sampled 𝑚𝑤). 
2. The bomb electrodes have two slots to accept the wire. The ends of the wire 
was slide into the slots and winded around the electrodes. The two rings was 
slide down to lock the wire and to get a good electrical contact. 
3. A length of approximately 100 mm of the cotton thread was cut and weighed 
using a sensitive balance (the recorded weight is sampled 𝑚𝑐). Next, the cotton 
thread was tied in the center of the wire leaving 2 long tails. If the sample is a 
solid cylinder, it is important to ensure that the ends of the cotton make contact 
with the sample while ensuring that the ends of the thread dip into the liquid 
sample. 
4. The crucible loaded by sample was placed in the crucible holder ring below 
the prepared Nichrome wire fuse (Fig. 3. 10). 
5. The top section of the bomb was place inside the base and the clamping ring 
was screwed down onto the top of the bomb firmly by hand. This is best 
achieved by holding the bomb vessel firmly on a bench so that the sample is 
not disturbed inside the crucible. 
6. The top section of the bomb was carefully placed inside the base and it is 
important to ensure that the O ring seal is in good condition.  
7. The bomb vessel has as O ring that must be fitted before the connection is 
made to the hose. 
8. The bomb must be charged with pure oxygen bottle regularly. 
9. For disconnecting the bomb vessel from the oxygen supply, firstly the bottle 
main valve was closed then the bomb pressure regulator knob fully turned anti 
clockwise and carefully loosen one of the hoses connected to the safety 





10. After ensuring that the bomb has been fired and that the experiment is 
complete, or if it has been noticed that the bomb pressure is too high (above 
25 bar), it can be reduced safely using the bomb venting valve by screwing in 
the T handle which will press onto the Schrader valve and release the pressure 
inside the bomb.  
 
 
Fig. 3. 10. The crucible holder used in the experiment. 
 
6. Conducting the Calorimetric Test: 
The experiment was conducted as follows (Fig. 3. 11): 
1. The water jacket was filled with pure water (2 litres). 
2. The prepared bomb vessel may be lifted into the calorimeter vessel using the 
hook provided. 
3. The stirrer and the temperature sensor were adjusted to gain access to the water 
jacket through the large hole in the cover alongside the ignition lead (red and 
black plug) which is connected to the two sockets in the top of the bomb vessel. 




5. The bomb circuit indicators was checked to show a green or a closed circuit. 
6. The temperature selector switch was set in the initial temperature position. 
7. In order to monitor this, the switch was set to the rise temperature setting and 
the display will show either a +ve or –ve value to 2 decimal places. To get to 
the start condition, turn the rise temperature zero knob either way until the 
display shows a zero value. 
8. The temperature rise was monitored and recorded every minute. In this case, 
the rise temperature is considered reaching its maximum value once it starts to 
progressively fall or remain constant for typically the 5 successive minutes. 
 
 
Fig. 3. 11. The procedure of set up the water jacket for the experiment. 
 
7. The Bomb Calibration Procedure: 
A calibrant (Benzoic Acid) is run though the equipment to calibrate the system in order 
to use the bomb for the actual experiment as well as to determine the effective heat 
capacity of the bomb. For this exercise, the following steps were carried out: 
1. Prior to the experiment, approximately a 1.0 g sample was firstly pelletised. 
For samples that cannot be pelletised, approximately 1.0 g of the sample was 




2. The bomb vessel was prepared for firing with the pellet and charge with 
oxygen. 
3. The calorimeter test was conducted and the data was recorded. 
4. The sample calculations were carried out for the cotton thread and the 
Nichrome wire as follows: 
                    The cotton thread:                        𝑄𝑓𝑢𝑠𝑒 = 𝑚𝑐  𝑞𝑐 
                    The Nichrome wire:                     𝑄𝑖𝑔𝑛 = 𝑚𝑤  𝑞𝑤 
                    The bomb:                                    𝜀 =




𝜀: is the ceilometer factor,  
𝑚𝑏𝑎: is the mass of the Benzoic Acid,  
𝑞𝑣𝑏𝑎: is the gross calorific value of the Benzoic Acid (J/g),  
𝑄𝑓𝑢𝑠𝑒: is the heat contribution from the cotton thread (J),  
𝑄𝑖𝑔𝑛: is the heat contribution from the Nichrome ignition wire (J)  
θ: is the corrected temperature rise of the calorimeter vessel (K). 
3.2.5. Thermo-gravimetric Analysis (TGA) 
Thermo-Gravimetric Analysis (TGA) investigates the relation between the mass of a 
sample and the applied temperature. It can be used to study the physical properties such 
as evaporation and the chemical behavior such as thermal degradation of materials that 
causes materials to lose volatile gases [195]. In TGA, a controlled atmosphere is 
employed to heat the sample at certain heating rate relative to time. From the obtained 
graph, a stability on the graph indicates a constant weight of the samples whereas a curved 
portion represents weight loss from the sample. The gradient of the graph indicates the 
rate of mass loss from the sample. It is always more convenient to plot the derivative of 
the TGA curve against time or temperature. This curve is known as the derivative thermo-
gravimetric graph (DTG), which determines the exact temperature at which minimum and 




pyrolysis and TGA combustion. The former uses high temperatures (up to 900 °C) under 
an inert atmosphere such as nitrogen medium whereas the latter utilises lower 
temperatures (up to 700 °C) in an oxygen atmosphere [196]. The typical heating and 
cooling cycles of the TGA Pyrolysis and combustion utilised in the current experiment 
are summarised in Table 3. 1. 
Table 3. 1. An overall comparison between the TGA pyrolysis and combustion. 
TGA Pyrolysis  TGA Combustion 
1. Heat from ambient to 30 °C 
and hold for 1 min. 
2. Heat from 30 to 50 °C 
(heating rate: 20 °C /min). 
3. Hold at 50 °C for 5 min 
4. Heat from 50 °C to 105 °C 
(heating rate of 5 °C/min). 
5. Hold at 105 °C for 5 min. 
6. Heat from 105 °C to 900 °C 
(heating rate of 25oC/min). 
7. Hold at 900oC for 15 min. 
8. Cool from 900 to 50 °C 
(cooling rate of 25 °C/min). 
9. Nitrogen flow rate: 20 
ml/min.  
1. Heat from ambient to 30 °C and hold for 
1 min. 
2. Heat from 30 °C to 50 °C (heating rate: 
20 °C/min). 
3. Hold at 50 °C for 5 min. 
4. Heat from 50 to 105 °C (heating rate: 20 
°C /min). 
5. Hold at 105 °C for 5 min 
6. Heat from 105 °C to 700 °C (heating 
rate of 50 °C /min). 
7. Hold at 700 °C for 15 min. 
8. Cool from 700 °C to 50 °C (cooling 
rate: 25oC/min). 
9. Oxygen flow rate: 20 ml/min. 
 
3.3 Characterization of bio-oil   
 
In order to characterize the bio-oil for any application, it is very important to know the 
composition, physical and chemical properties of the bio-oil extracted from the slow 
pyrolysis. The composition of bio-oil was specified by using gas chromatography mass 




were also measured. The pH of the bio-oil was measured by using JENWAY 4330 pH 
meter, while, the high heating value was calculated by similar method explained in details 
in Ch. 2.  The detailed procedure used for bio-oil characterization is presented in following 
sections. 
3.3.1 Bio-oil water content 
In this work, an 870 Volumetric Karl Fischer Titrator shown in Fig. 3. 12 was used to 
specify the percentage of water content presented in the bio-oil sample according to 
ASTM D1744-13 analytical test method. Before starting experiment, the 870 Volumetric 
Karl Fischer Titrator was calibrated with known volume of water.  
 




During the titration, Iodine was added to Karl Fischer solvent containing the bio-
oil sample. The water content of the sample was quantified based on the Karl Fischer 
reagent consumed [197]. The Karl Fischer titration is based on the principle of Bunsen 
reaction of three stages between iodine and sulphur dioxide in an aqueous solution. The 
Hydranal-composite 5K and 2-chloroethanol are used as titrant and solvent, respectively.   
The first stage of Karl Fischer titration is a reduction reaction in which the sulphur dioxide 
is oxidized by iodine in the presence of water [198]. 
𝐼2 + 𝑆𝑂2 + 2𝐻2𝑂 ↔ 2𝐻𝐼 + 𝐻2𝑆𝑂4         [197]                                   (1) 
The 2-chloroethanol solvent reacts with the formed acid to produce esters which 
neutralized with Hydranal-composite 5k titrant forming a stable complex. 
𝑅3𝑂𝐻 + 𝑆𝑂4 + 𝑅𝑁 → [𝑅𝑁𝐻]𝑆𝑂3𝐶𝐻3       [197]                             (2) 
𝐻2𝑂 + 𝐼2 + [𝑅𝑁𝐻]𝑆𝑂3𝐶𝐻3 + 𝑅𝑁 → [𝑅𝑁𝐻]𝑆𝑂4𝐶𝐻3 + 2[𝑅𝑁𝐻]𝐼        [197]           (3) 
Before conducting the test, the used device was calibrated with a known amount 
of water. A known amount of bio-oil was also injected into the device. Based on the 
Equations 1-3, water and Iodine are consumed with ratio 1:1. The experiment ended when 
the water has been used up, which is detected by the indicator electrode which detects an 
excess of iodine in the sample. The system was programed to calculate the water content 
based on the concentration of the iodine in the titrating reagent as well as the volume of 








Where y is the water content in the bio-oil (wt. %), 𝑉𝑇 is the volume of titrant used (ml), 
𝐶0 is the concentration of iodine in the titrant reagent (mg/ml), 𝐶1 (is a factor ) =
1 𝑔
1000 𝑚𝑔
× 100% = 0.1 𝑔%/𝑚𝑔 and the 𝑚𝑠 is the bio-oil mass (g). 
This test was started by taking a sample of the bio-oil using a plastic syringe. Then it 
was weighted using a digital balance of accuracy 0.0001 gm. The volumetric Karl fisher 
titrator was filled with 50 mg of titrating solvent. The system was prompted to pre-titrate 
the solvent in order to get rid of any water present in the system; during that 1-2 drops of 
bio-oil was added via the spectrum. The syringe of bio-oil was weighted again in order to 
figure out the amount of bio oil sample used. Finally, the water contented was recorded 
as it displayed in the device screen. 
3.3.2 Acidity (pH and/or acid number) 
 
A JENWAY 4330 pH meter shown in Fig. 3. 13 is used to measure the pH of the bio-oil. 
The pH meter reading based on the amount of hydronium ion (𝐻3𝑂
+) presented in the 
bio-oil [199].  
In order to ensure that the pH meter reading are accurately taken,  the pH meter 
was calibrated using buffer solutions of pH 4, 7 and 10. After the pH meter was calibrated, 
its electrode was removed from the buffer solution and well rinsed by distilled water and 





Fig. 3. 13. Photograph of pH meter. 
 
  3.3.3 Viscosity and Density 
The viscosity of the bio-oil is measured at 40 ˚C by using Ostwald Viscometer shown in 
Fig. 3. 14, according to the standard test ASTM D455-88.  The viscometer consists of a 
U-shaped glass tube vertically held in a water bath where the temperature is controlled. 
The first arm of the U-tube is a capillary tube with swelling at the top and the other arm 
also contains swelling but it located near the bottom. 
An amount from 5 to 10 gm of the bio-oil sample was directed to the upper bulge 
by suction then allowed to flow through the capillary tube to the lower bulge. There are 
two signs below and above the upper bulge indicating a known volume. The time it takes 
for the bio-oil to flow between the two signs is proportional to the viscosity. So, the 




sucked to past the upper sign. The time it takes for the bio-oil to flow from the upper sign 
and reach the down sign was recorded by a stop watch.   
  
Fig. 3. 14. Photograph of the viscometer. 
In order to determine the density of the bio-oil, a simple procedure was used; where the 
bio-oil sample was weighted using a digital balance of accuracy 0.0001 gm, and its 
volume was determined by using graduated cylinder then its density was simply 
calculated.  
3.3.4 Elemental Analysis  
The bio- oil was analyzed for its ultimate analysis by MEDAC LTD (analytical and 
chemical consultancy services) which provides carbon, hydrogen and nitrogen, while the 
oxygen content was calculated from the difference.  
3.3.5. Heating value  
Calorific value of bio-oil is acquired as higher heating values (HHV) which is the amount 
of heat released when the bio-oil is burnt.  The calorific value was calculated according 




3.3.6 GC/MS analysis - composition  
Most researcher used the Gas Chromatography-Mass Spectrometry (GC-MS) to specify 
the composition of the compound present in the bio-oil sample. In this work, Clarus 680 
GC connected to Clarus 600 T MS shown in Fig. 3. 15 is used to figure out the 
composition of bio-oil extracted from the slow pyrolysis experiment displayed in the 
previous section. 
 
Fig. 3. 15. Clarus 680 GC connected to Clarus 600 T MS. 
The bio-oil samples collected from the pyrolysis experiments were prepared for GC-MS 
analysis by dissolving each sample in ethanol as seen in Fig. 3. 16. The ethanol and bio-
oil were mixed with volume ratio 5:1, respectively. The mixture was shanked until the 




connected to clarus 600 T MS, the bio-oil sample was diluted also in acetone and added 
5 ppm naphthalene D8 as internal standard. All bio-oil samples were filtered before placed 
in auto-sampler vials to protect the gas chromatography column from blockage. 
The GC device is programed as follows; the initial temperature is adjusted at 40 
˚C and hold for 2 minutes then increased with constant rate of 10 ˚C/min to reach 300 ˚C. 
The bio-oil sample of volume 1 µl is injected  with initial temperature  280 ˚C [200] with 
Split flow ratio equal 10:1. The used column is 30 m DB5 equivalent, 0.25 µm film 
thickness and 0.25 m internal diameter. The GC-MS were analyzed and the chemical 
compound components of the bio-oil peaks were identified by comparing their linear 
retention index (LRI) and mass spectra with the entries of mass spectra database libraries. 
 









Thermochemical characterisation of Date palm fruit wastes  
 
4.1. Material and method 
The literature results displayed in Chapter 2 reveal that the date stones and rachis are 
considered the most promising biomass feedstock for biofuel production [55, 156]. In 
addition to the fact that the Barhee and Medjool are the most famous and abundant date 
palm trees in Tabuk city, Saudi Arabia. So, in this work, Barhee and Medjool rachis and 
stones are characterized. The Barhee tree is characterised by a heavy trunk of a medium 
height of moderately curved green leaves. It has a dusty greenish colour which looks 
dense and spherical. The fruit itself is broadly ovate round with relatively no astringency 
or objectionable tannin flavour at Khalal stage. On the other hand, the Medjool tree has a 
medium size trunk with short to medium leaves which are arranged with little curvature. 
This tree has a high fruit quality with large size and attractive appearance. This type of 
dates outshines all the known varieties in terms of the fruit quality and size. The Medjool 
is of a high commercial value as evidenced from its export potentials. [56]. An illustration 
of the Barhee and Medjool trees is shown in Fig. 4.1. 
 




The general distinguishing characteristics between the Barhee and Medjool are 
summarised in Table 4. 1. It is worthwhile mentioning that such characteristics describe 
the appearance of the tree as well as the nature of the stone within the date fruit itself 
relative to the overall size of the fruit. 
Table 4. 1.The general distinguishing characteristics of the Barhee and Medjool tree and fruit 
[56]. 











Medium size trunk, short to 
medium leaves which are 
organised with little 
curvature. Has a high fruit 
quality (large size and 
attractive). It outshines all 
other varieties with regard to 
fruit quality and size. It is of 
high commercial value and is 
considered date No. 1 for 
export market 
 
Walnut - Brown shiny colour 
darker at the end, 1.5 g. 
Seedling canal is closed 
approximately 50 % of the 
seed diameter with small 
wrinkles. On each side of the 
seed there is a protrusion 
forming a "wing shape" that is 
typical of Medjool and 







Heavy trunk of a medium 
height, moderately curved 
green leaves, slightly 
drooping pinnae. The palm 
has a dusty greenish colour 
and looks dense and 
spherical. The fruit is broadly 
ovate round with relatively no 
astringency or objectionable 
tannin flavour at Khalal stage. 
 
The seed fills the whole 
volume of the seed cavity. 
Light brown to wood brown; 
oblong, slightly wider above 
middle, somewhat tapering to 
the blunt apex. It is short and 
wide, (18 to 23 × 8.4 to 10.5 
mm). Germ pore central or 
nearly so and can be clearly 
seen at the centre of seed's 
dorsal side. Furrow commonly 
medium in width and depth. 
Light seed weight 8.00 g and a 
high pulp: seed ratio (12.75) 
 
In the current study, the stones and rachis obtained from the two distinct types of dates 
trees were experimentally characterized on a laboratory scale and their utilization 
potentials as biomass feedstock were investigated.  
The stones and rachis were prepared using the mixer blade grinder after which 




obtained from Saudi Arabia, specifically from a farm of date palm in the city of Tabouk. 
The stones and rachis of each tree were ground and screened to 5, 10, 35 and 60 mesh 
size (and 120 for stones). The 60 mesh size was chosen for the analysis in the current 
study as will be discussed later. An illustration of the ground samples of the Barhee and 
the Medjool are shown in Fig. 4. 2. 
 
 
Fig. 4. 2. The ground samples of the Medjool (left) and Barhee (right) Rachis and 
stones. 
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4.1.1. Biomass characterisation  
The proximate, ultimate, structure/composition and thermo-gravimetric analysis 
experiments were conducted to characterize the selected biomass materials. The 
procedure of the experiments were discussed in detail in the previous chapter. 
The proximate analysis is used to determine the physical characteristics of biomass. 
Where the moisture content, volatile matter, ash, fixed carbon, total solid, calorific value 
and decomposition temperature can be obtained. 
The ultimate analysis provides information about the elemental components such as 
carbon, hydrogen, nitrogen, oxygen and sulphur contents [187, 189].  
The content of cellulose, hemicellulose and lignin were also obtained by 
structure/composition analysis. 
The heating value of each proposed biomass were  calculated according the equation 
given by Singh et al. [188] and  Demirbas [194]. 
Thermo-Gravimetric Analysis (TGA) was used to study the physical properties such 
as evaporation and the chemical behavior such as thermal degradation of materials that 
causes materials to lose volatile gases [195]. In TGA, two processes were employed 
namely; TGA pyrolysis and TGA combustion. The former uses high temperatures (up to 
900 °C) under an inert atmosphere such as nitrogen medium whereas the latter utilises 
lower temperatures (up to 700 °C) in an oxygen atmosphere [196]. The typical heating 
and cooling cycles of the TGA Pyrolysis and combustion utilised in the current 










4.2. Results and discussions 
4.2.1. The Physical Analysis Results  
The results of the proximate analysis (i.e. moisture content, ash content, volatile and fixed 
carbon contents) were analysed and discussed in the current section of the thesis. 
4.2.1.1. The Moisture Content 
 
The moisture contents of Barhee and Medjool stones and rachis are summarized in Table 
4.2. Comparison between the Barhee and Medjool stone moisture contents is illustrated 
in Fig. 4. 3 (a), while the moisture contents in the case of rachis obtained from Barhee and 
Medjool are compared in Fig. 4. 3 (b). The stones contain high amount of moisture 
compared to the rachis, wherever they were obtained from; Barhee or Medjool as clearly 
seen in Table 4.2. Accepted standard deviations are found as seen in Table 4. 2 which 
mean that there is no significant dependence on the mesh size as the results are almost 
unaffected by the mesh size for the samples. Overall, it can be seen that the moisture 
content of the Barhee and Medjool are almost identical in the stone samples whereas the 
Barhee is higher in terms of the moisture content in the rachis samples as shown in Fig.4.3 
(a) and (b). 
It is well known that the energy required to bring a briquette up to its pyrolytic 
temperature is massively dependent on the moisture content. In other words, the moisture 
content affects the internal temperature within the briquette due to the endothermic 
evaporation and this means the moisture content is one of the major parameters that 
influence the quality of the briquette [201]. 
Table 4. 2. The moisture contents of Medjool and Barhee stones and rachis. 
Size of sieve   Moisture content (%) 
Stones Rachis 
Medjool  Barhee Medjool  Barhee  
Mesh 5 7 7 5.8 6.3 
Mesh 10 8 8 5.2 5.6 
Mesh 35 10 9 6.1 6.2 
Mesh 60 9 8 5.2 5.6 
Mesh 120 9 9 - - 
Average  8.6 8.2 5.575 5.9250 











Fig. 4. 3. (a) Comparison between moisture contents of Barhee and Medjool stones, (b) 




























4.2.1.2. The Ash Content 
 
The ash content is relatively high in rachis compared to stones where it reaches 
15.36% and 13.5 % in case of Medjool and Barhee rachis, respectively. While the ash 
content does not exceed 2.2% in cases of stone samples as obviously seen in Table 4. 3. 
Comparisons between the ash content in Barhee and Medjool stones and rachis as vertical 
bar chart are displayed in Fig. 4. 4 (a) and (b), respectively. Based on the results of stone 
and rachis samples shown in Fig. 4. 4 (a) and (b), it is clearly seen that the Medjool 
samples has more ash content than Barhee at the various studied mesh sizes. The ash 
content is a non-combustible component of the biomass. So, the ash has a significant 
influence on the amount of heat transfer to the surface of the fuel as well as the diffusion 
of oxygen to the fuel surface during the combustion of char. This means that, since ash is 
an impurity that will not burn, fuels with less ash content are preferable in terms of thermal 
utilisation. Moreover, fuels with more ash content will result in higher dust emissions and 
will have a direct effect on the combustion volume and efficiency [201]. So, the stones 
have a superiority as feedstock as they have less amount of ash compared to the rachis in 
both date palm categories. The considerable differences in ash amount produced from 
Barhee rachis samples that give high standard deviation may be accepted as experimental 
expected errors.   
Table 4. 3. Ash contents of Medjool and Barhee stones and rachis. 
Size of sieve   Ash content (%) 
Stones Rachis 
Medjool  Barhee Medjool  Barhee  
Mesh 5 1.17 1.07 14.28 13.5 
Mesh 10 2.18 1.08 14.56 6.9 
Mesh 35 2.2 1.09 15.36 7.8 
Mesh 60 1.82 1.09 15.4 12.1 
Mesh 120 0.91 1.09 - - 
Average  1.656  1.084 14.9 10.075 









Fig. 4. 4. (a) Comparison between ash contents of Barhee and Medjool stones, (b) 
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4.2.1.3. Volatile Content 
 
The volatile contents of Barhee and Medjool stones and rachis are summarised in Table 
4.4. The Barhee stones showed the highest values of volatile contents which reaches 
89.26%. The results reported in Table 4.4 are displayed in Fig. 4. 5 (a) and (b) as vertical 
bar chart in order to easily compare between the volatile contents in Medjool and Barhee 
stone as well as their values in rachis. The volatile content of the biomass can influence 
the combustion efficiency of a fuel. Table 4.4 shows that the stones have more volatile 
content compared to the rachis samples. The increase in the volatile content means that 
the fuel is more reactive and therefore provides a faster combustion rate and easy ignition 
during the devolatisation phase [201]   
Table 4. 4. Volatile contents of Medjool and Barhee stones and rachis. 
Size of sieve 
 
 
  Volatile content (%) 
Stones Rachis 
Medjool  Barhee Medjool  Barhee  
Mesh 5 79.92 86.67 76.6 70.2 
Mesh 10 78.48 86.4 62.4 78.2 
Mesh 35 72.65 87.82 61.44 67.6 
Mesh 60 67.48 89.26 74.88 77.04 
Mesh 120 73.71 84.99 - - 
Average  74.448 87.028 68.83 73.26 
Std. dev. 4.9631 1.6035 8.0194 5.1669 








Fig. 4. 5. (a) The volatile content in Barhee and Medjool stone samples, (b) volatile 
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4.2.1.4 The Fixed Carbon Content 
 
High fixed carbon contents were found in Medjool stones varied between 11.34-21.7 % 
compared with low values found in Barhee stones ranging between 1.65-5.26% as 
reported in Table 4.5. While similar contents of fixed carbon were found in the Barhee 
and Medjool rachis ranging between 2.896-5.26%. The high fixed carbon content in 
Medjool stones is obviously seen in Fig. 4. 6 (a) compared with their values in Barhee 
stones at all studied mesh sizes. The fixed carbon content can also affect the combustion 
quality of the biomass. When comparing the results in Fig. 4. 6, the Medjool stone samples 
have very high amount of the fixed carbon compared to other samples of stone and rachis. 
In general the stone sample have more amount of fixed carbon compared to rachis 
samples. Generally, the fixed carbon content is the amount of carbon, i.e. solid fuel, 
available for char combustion after the volatile matter is used up. Also, the fixed carbon 
content provides an estimation of the heating value of a fuel as it is the main heat generator 
during combustion. This means that the stones contain more carbon resources necessary 
for combustion when compared to the rachis samples [201] 
Table 4. 5. Fixed carbon content in Barhee and Medjool stones and rachis.   
Size of sieve   Fixed carbon content (%) 
Stones Rachis 
Medjool  Barhee Medjool  Barhee  
Mesh 5 11.91 5.26 4.844 4.67 
Mesh 10 11.34 4.52 2.896 4.11 
Mesh 35 15.2 2.71 3.78 3.74 
Mesh 60 21.7 1.65 4.52 5.26 
Mesh 120 16.38 4.92 - - 
Average  15.306 3.812 4.01 4.445 
Std. dev. 4.1626 1.5584 0.8659 0.6644 









Fig. 4. 6. (a) The fixed carbon content in Barhee and Medjool stones samples, (b) The 





An overall comparison is summarized in Table 4.6 (these data were extracted from 
Table 4.2- table 4.5). The level of judgment of the best suitable candidate biomass for 
biofuel production will take into consideration the various levels and amount of contents 
for an efficient combustion. The results of table 4. 6 show that the date stones have 
considerable superiority for biofuel production compared to rachis as they have high 
volatile and fixed carbon contents with low ash content.  
Table 4. 6. An overall average comparison for all samples examined in the current study for the 









Medjool Barhee  Medjool Barhee  Medjool Barhee  Medjool Barhee  
Stones  Mesh 5 7 7 1.17 1.07 79.92 86.67 11.91 5.26 
Mesh 10 8 8 2.18 1.08 78.48 86.4 11.34 4.52 
Mesh 35 10 9 2.2 1.09 72.65 87.82 15.2 2.71 
Mesh 60 9 8 1.82 1.09 67.48 89.26 21.7 1.65 
Mesh 120 9 9 0.91 1.09 73.71 84.99 16.38 4.92 
average 8.6 8.2 1.656 1.084 74.448 87.028 15.036 3.812 
 Std. Dev. 1.1402 0.8367 0.5895 0.00894 4.9631 1.6035 4.1626 1.5584 
Rachis  Mesh 5 5.8 6.3 14.28 13.5 76.6 70.2 4.844 4.67 
Mesh 10 5.2 5.6 14.56 6.9 62.4 78.2 2.896 4.11 
Mesh 35 6.1 6.2 15.36 7.8 61.44 67.6 3.78 3.74 
Mesh 60 5.2 5.6 15.4 12.1 74.88 77.04 4.52 5.26 
average 5.575 5.925 14.9 10.075 68.83 73.26 4.01 4.445 
 Std. Dev. 0.4500 0.3775 0.5662 3.2191 8.0194 5.1669 0.8659 0.6644 
 
When the obtained results were compared to other literature studies, a large amount of 
consistency was observed as shown in Table 4.7. Where the physical analysis results of 
Barhee and medjool stones are very close to that obtained by El may et al. [55] and Fadhil 
et al. [20] except for fixed carbon of Barhee stone which is considered very small. The 
Barhee and Medjool rachis results are approximately similar to that obtained by Al-
Marzouqi et al. [202], despite their relatively high ash content. This good consistency 
means that the analysis carried out in the current study is of high validity when compared 
to the widely available literature studies on the same topic. It is worthwhile mentioning 




Table 4. 7. The physical analysis results compared to literature studies. 
 
   Ref.  





Current study Barhee rachis 5.925 73.26 4.445 10.075 
Medjool rachis 5.575 68.83 4.01 14.9 
Barhee stones  8.2  87.028 3.812 1.084 
Medjool stones  8.6 74.448 15.036 1.656 
El may et al. [55] Date palm trunk 10 71.8 11.5 4.2 
Date palm stones 6.4 74.1 17.5 1.2 
Fadhil et al. [20] Date palm stones  5.44 79.88 18.65 1.47 
Nasser et al. [85] Date palm trunk - 78.53 3.86 17.61 
Date palm seeds  - 83.33 1.4 14.94 
El may et al. [203] Rachis pellets  11.2 73.6 8.3 5.6 
Date palm stones  16.4 74.1 17.5 0.8 
Sait et al. [156] Date palm seeds 4.9 76.6 7.7 10.8 
Date palm leaf stem 17.7 55.3 7.8 19.2 
Hussain [204] Date palm seeds  5.1 75.1 8.1 11.7 
Date palm leaf stem 18.1 52.1 8.1 20.2 
Makkawi et al. [21] Date palm empty fruit bunches 8.73 67.51 17.47 6.28 
Date palm leaves  12.03 58.17 15.41 14.4 
Date palm leaf stems 11.65 68.84 10 9.51 
Yin [189] Date palm kernels - 77.28 17.59 5.14 
Sulaiman et al. [157] Date 
palm 
fronds 
Ajwah - 78.2 14.1 7.7 
Sukariah - 82.5 13.6 3.6 
Jeddah - 83 5.2 11.7 
Al-Marzouqi et al. [202] Date palm rachis  5.7 84.6 3.6 6.1 
Bensidhom et al. [82] Date palm rachis 7.27 78.11 9.11 5.5 
Date palm leaflets  8.5 72.28 7.64 11.58 
Date palm empty fruit bunches 7.68 81.2 6.92 4.2 
Date palm Glaich 6.58 83.84 7.18 2.4 
Babiker et al. [205]  Date 
palm 
seeds 
Tunisia degelet nour 4.5 80.1  5.4 10  
Iran Piarom 4.1 78.1  8 9.8  
Saudi Safawi, 4.3 75.7  8.5 11.5 
Saudi Mabrooom  4.4 77.6 7.8 10.2  
Saudi Suffry 4  78.4  9.9 7.7 




4.2.2. Chemical analysis 
4.2.2.1. The Compositional Analysis 
 
The results of the compositional analysis; the percentage of NDF, ADF, Hemicellulose, 
Cellulose and Lignin for the Medjool and Barhee stones and rachis are summarized in 
Table 4.8.  For the purpose of comparison, the results are also presented in bar chart plots 
as shown in Fig. 4. 7 and Fig. 4. 8. In terms of the stone samples represented in Fig.4.7, 
it is clearly seen that the value of NDF, ADF, cellulose and lignin are higher for the Barhee 
samples when compared to the Medjool samples. However, the percentage of 
hemicellulose for the Barhee showed a slightly lower value when compared to that of the 
Medjool samples. 
Table 4. 8. Compositional analysis results of Barhee and Medjool stones and rachis  






Medjool stones  70 42.79 15.8 35 9.41 
Barhee stones  91 74.3 16.6 66 21.35 
Medjool rachis  66 65.14 22.73 43.5 7.57 







Fig. 4. 7. The compositional analysis of the Medjool and Barhee stone samples. 
 
Regarding the compositional analysis of Barhee and Medjool rachis displayed in Fig.4. 8, 
it is seen that the Medjool rachis has large amounts of NDF, ADF and cellulose when 
compared to those of the Barhee rachis. On the contrary, the Barhee predominates when 
looking at the percentages of lignin. It is also noticed that approximately similar amount of 
hemicellulose was found in the Barhee and Medjool rachis samples.  
 
 




4.2.2.2. The Klason Measurement Results 
 
The Klason method has provided the results shown in Table 4.9 after carrying out two 
attempts for each sample then the average value was calculated. In order to make 
comparisons, the average values shown in Table 4.9 were plotted as illustrated in Fig. 4.9.  
From the results of Fig. 4. 9, the Barhee rachis has the highest content of holocellulose 
followed by Medjool rachis. The Barhee and Medjool rachis also have slightly higher A-
cellulose compared to other samples. Approximately similar contents of lignin and lignin 
holocellulose are found in all samples as shown in Table 4. 9 and Fig. 4. 9.                                                                                     
Table 4. 9. The results obtained from Klason method for the Barhee and Medjool rachis 
and stones. 
Sample  Lignin (%) Holocellulose (%) Lignin in holocellulose (%) A-cellulose (%) 
Medjool 
stone 
Sample 1 12 5.33 11.73 10.51 
Sample 2 10.4 6.52 16.5 9.35 
Av. 11.2 5.925 14.115 9.93 
Std. Dev. 1.1314 0.8415 3.3729 0.8202 
Barhee 
stone 
Sample 1 13 7.18 12.46 12.43 
Sample 2 16.57 5.79 14.6 17.1 
Av. 14.785 6.485 13.53 14.765 
Std. Dev. 2.5244 0.9829 1.5132 3.3022 
Medjool 
rachis 
Sample 1 9.88 32.56 10.24 22.32 
Sample 2 15.87 32.42 16.94 15.45 
Av. 12.875 32.49 13.59 18.885 
Std. Dev. 4.2356 0.0990 4.7376 4.8578 
Barhee 
rachis 
Sample 1 9.21 38.49 11.74 26.95 
Sample 2 8.92 40.96 7.98 19.34 
Av. 9.065 39.725 9.86 23.145 






Fig. 4. 9.  The results obtained from Klason method for the Barhee and Medjool stones 
and rachis. 
4.2.2.3. The Ultimate Analysis 
 
The ultimate analysis has provided information on the elemental content of the samples. 
The amount of carbon, hydrogen, nitrogen and oxygen were defined for each sample using 
the ultimate analysis are illustrated in Table 4. 10. It is clearly seen that the stones samples 
whatever they were obtained from, Barhee or Medjool trees, contain a large amount of 
carbon compared to the rachis samples. This means that they contain more potential in 
terms of the stored energy as will be discussed in the following section. The Barhee and 
Medjool carbon contents are found 45.24 and 45.05 %, respectively. Similar results of 
carbon content of the date palm stones were found  in the literature, where the lowest 
value of carbon content of 44.1% is reported by Hussain [204] and its highest  value of 
51.2% is found by El may et al. [55] as clearly seen in Table 4.10. On the other hand, the 
carbon content of Barhee and Medjool rachis were found 23.75 and 20.27 %, respectively, 





Table 4. 10. The results of the ultimate analysis obtained from the current work 
alongside literature studies. 
 
   Ref.  










Current study Barhee rachis 23.75 3.3 0.46 72.49 <0.1 
Medjool rachis 20.27 2.74 0.34 75.87 0.77 
Barhee stones  45.24 6.63 0.88 47.25 <0.1 
Medjool stones  45.05 6.44 0.89 47.62 <0.1 
El may et al. [55] Date palm trunk 42.76 5.8 0.21 45.5 0.12 
Date palm stones 51.2 6.4 0.73 40.9 <0.2 
Fadhil et al. [20] Date palm stones  48.43 6.44 0.670 42.20 - 
Nasser et al. [85] Date palm trunk 44.46 5.57 0.55 49.24 - 
Date palm seeds  47.14 6.6 0.9 45.33 - 
Sait et al. [156] Date palm seeds 45.3 5.6 1 47.2 0.8 
Date palm leaf 49.4 5.8  1.2  42.3 1.3  
Date palm leaf stem 36.1   5.2  0.7  57.2 0.7 
Hussain [204] Date palm seeds  44.1 6.1 0.9 48.3 0.6 
Date palm leaf stem 38.1 5.2 0.8 55.6 0.3 
Makkawi et al. [21] Date palm empty fruit bunches 44.07 5.97 0.74 49.05 0.18 
Date palm leaves  40.76 5.55 1.32 52.14 0.24 
Date palm leaf stems 42.67 5.83 0.58 50.78 0.15 
Yin [189] Date palm kernels 48.34 6.2 2.62 37.44 0.26 
Sulaiman et al. [157] Date palm 
fronds 
Ajwah 38.9 5.7 0.32 - 0.66 
Sukariah 37.9 5.6 0.47 - 0.66 
Jeddah 45.3 5.66 1 47.2 0.8 
El may et al. [203] Rachis pellets  39.8 5.7 0.19 53 0.26 
Al-Marzouqi et al. 
[202] 
Date palm rachis  43.6 6.1 0 50.3 0 
Bensidhom et al. [82] Date palm rachis 60.43 8.02 0.012 31.54 - 
Date palm leaflets  51.50 7.68 0.046 40.78 - 
Date palm empty fruit bunches 57.45 8.07 0.037 34.45 - 
Date palm Glaich 58.7 8.25 0.025 32.97 - 




4.2.2.4. Comparisons of HHV Obtained via Various Routes 
 
The values of the HHV obtained in the current work (both theoretically and practically) 
alongside those obtained from relevant literature studies are summarised in Table 4. 11. 
The practical measurements showed that the HHV of the stone obtained from Barhee and 
Medjool are 17.44 and 17.05 MJ/kg, respectively with agreement with the results of date 
palm stones reported by  Sait et al. [156] and  Babiker et al. [205] as clearly seen in Table 
4.11.  While the HHV of Barhee and Medjool rachis are found 15.55 and 10.65 MJ/kg, 
respectively, as clearly seen in Table 4.11. Similar results of HHV for  date palm rachis  
are reported by Sait et al. [156], and   Al-Marzouqi et al. [202]; while little bit higher 
values are reported by Bensidhom et al. [82] and Makkawi et al. [21] as obviously seen 





Table 4. 11. The theoretical and practical values of HHV obtained from various sources. 





Current study Medjool stones  11.18 Calculated  Saudi Arabia/ 
Barhee stones  12.25 
Medjool rachis  12.99 
Barhee rachis  12.52 
Medjool stones  17.05 Practical   Saudi Arabia  
Barhee stones  17.44 
Medjool rachis  10.65 
Barhee rachis  15.55 
Sait et al. [156] Date palm stone 18.97 Practical   Saudi Arabia/bomb 
calorimeter model 
IKA2000 according to 
DIN 51900 method  
Date palm leaf stem  10.9 
Al-Marzouqi et al. 
[202] 
Date palm rachis  15.5 Practical   Date palm from 
UAE/bomb calorimeter 
model IKA2000 
according to DIN 51900 
method 
Makkawi et al. [21] Date palm empty fruit bunches 17.2 Practical  Date palm from Sharjah, 
UAE/IKA-C1 static 
jacket oxygen bomb 
calorimeter 
Date palm leaves  18.9 
Date palm leaf stems 16.5 
Bensidhom et al. 
[82] 
 
Date palm rachis  17.88 Calculated Date palm from Tunisia/ 
calculated according to 




Date palm leaflets  19. 09 
Date palm empty fruit bunches 19.21  
Date palm Glaich  19.32 
Sulaiman et al. [157] Date palm 
fronds 
Ajwah 16.67 Practical  Date palm from Madinah 
Al Munawwarah and 
Jeddah in Saudi Arabia/ 








18.55 Calculated  Date palm from Tunisia, 
Iran, Saudi Arabia and 
Algeria  
Iran Piarom 18.24 
Saudi Safawi, 18.23 
Saudi Mabrooom  18.36 
Saudi Suffry 18.44 
Algeria Aliya 18.29 





Germany Brown coals  24.28 -
25.26 
Practical  Germany  
Spruce wood chips 20.154   
Wheat  straw pellets 17.94   






4.2.3. The TGA Pyrolysis (N2 Environment) 
The TGA Pyrolysis curves of Barhee and Medjool Rachis shown in Fig. 4. 10 showed 
very close results in terms of weight loss and stability of the weight loss rate. It is also 
seen that the decomposition approximately completed below 360 °C. The ignition 
temperature (Ti) is found to be 70 °C for both Barhee and Medjool rachis, where a sudden 
drop in weight is observed at this temperature as seen in Fig. 4. 10. 
 
Fig. 4. 10. The TGA Pyrolysis curves for the Barhee and Medjool Rachis. 
 
 
Similarly, the TGA Pyrolysis curves of the Barhee and Medjool Stones shown in Fig. 4. 
11, showed very close results in terms of weight loss and stability of the weight loss rate. 
It is also seen that the decomposition approximately completed below 420 °C. The ignition 







Fig. 4. 11. The TGA Pyrolysis curves for the Barhee and Medjool Stone. 
 
 
4.2.4. The TGA combustion (O2 Environment) 
The TGA Combustion of the Barhee and Medjool Rachis, Fig. 4. 12, revealed a slight 
difference in terms of weight loss with temperature. This difference is observed at 
temperatures between 100oC and 300oC where the weight loss of the Barhee Rachis was 
much more significant when compared to the Medjool Rachis. After 300 °C, the 
difference becomes less significant and the curves become almost identical beyond 600 
oC. The decomposition approximately completed at around 520 °C. The ignition 






Fig. 4. 12. The TGA Combustion curves for the Barhee and Medjool Rachis. 
On the other hand, the TGA Combustion of the Barhee and Medjool stone, Fig. 4. 
13, showed no significant difference in the weight loss rate of the two palm tree types. 
The decomposition was almost complete at about 400 oC. The ignition temperature of 
both is about 270oC. 
 








4.2.5. The TGA and DTG Analysis (Overall Comparison) 
When all the TGA results (pyrolysis and combustion) for the stone and rachis of the two 
given palm tree types are plotted as shown in Fig. 4. 14 (a) and (b), the results can be 
compared more clearly. It is seen that the rachis of both palm tree types under pyrolysis 
and combustion have shown a significant weight loss at temperatures up to 300 °C when 
compared to the two types of Stones. The difference in weight loss becomes less 
significant beyond 300 °C. However, the pyrolysis results of the Medjool and Barhee 
stones continue to show lower weight loss beyond 500 up to 900 °C. The ignition 
temperature of the rachis is much less than that of the stones. When the derivative of the 
thermo-gravimetric graph is plotted, Fig. 4. 15 (a) and (b), the maximum weight loss rate 
at the relevant temperatures can be determined. It can be seen that the maximum weight 
loss rate has taken place between 200 and 500 °C depending on the palm tree type and the 
constituent under investigation. This confirms the results reported by Karmuddin et al. 
[208] as they found that the hemicelluloses and cellulose were decomposed at this range 
of temperature. The peak temperature (Tmax) ranged from 290 to 315 °C. It is known that 
the lower the Tmax of the constituent the easier it is to ignite. The rachis shows lower Tmax 








Fig. 4. 14.The TGA Pyrolysis (a) and Combustion (b) curves for all Barhee and Medjool 












Fig. 4. 15. The DTG Pyrolysis (a) and Combustion (b) curves for the Barhee and 









4.3. Conclusions  
 
The experimental results presented in this chapter showed high potential of using the date 
palm fruit wastes as a source of feedstock for biofuel production. This can reduce the 
reliance on fossil fuel sources as well as save the environment. The various thermal 
analysis as well as chemical and physical processes can determine the potential amount 
of energy and constituents in palm tree waste.  The obtained results are very comparable 
with those published in the literature which validates the various methods employed in 
the current work. Despite the fact that the palm tree waste contains various volatile and 
moisture constituents, however, the remaining part of fixed carbon are sufficient to 
provide an acceptable level of bio-energy that can be converted into other forms of useful 
energy. Based on the results introduced in this chapter the following conclusions cab be 
drawn: 
 The Medjool and Barhee stones are a promising biomass materials as they have 
high volatile and fixed carbon content with low ash content. Moreover, they have 
also high carbon and nitrogen contents. 
 The decomposition of Barhee and Medjool stones can be completed below 420 
°C; while it can be completed below 360 °C for Barhee and Medjool rachis under 
TGA pyrolysis analysis. 
 The ignition temperature of the rachis is much less than that of the stones. 
 The DTG curves peak temperature for Barhee and Medjool stones and rachis 
ranged from 290 to 315 °C. Keeping in mind that the rachis is found much easier 








Slow pyrolysis studies of Date Palm Fruit Wastes 
 
5.1. Introduction  
 
Nowadays, the biofuel production from several biomass feedstocks is of great research 
interest around the world. The selection of the thermos-chemical conversion process 
depends on which type of yields intended to maximize. Where the gasification is used to 
maximize the syngas; while, the biomass pyrolysis process is commonly used, in order to 
maximize the percentage of the produced bio-oil.  
The pyrolysis process is a thermal decomposition of the biomass occurred in the 
absence of oxygen [94, 95]. The pyrolysis process is divided into three main categories; 
the slow, moderate and fast pyrolysis. The slow pyrolysis is conducted at low temperature 
with slow heating rate and long pyrolysis time [96-99]. The moderate pyrolysis  occurs at 
temperatures around 500 °C and residence time of 10–20 s. Whereas the fast pyrolysis  
needs fast heating rates, high temperatures, and residence time less than 2 s [95]. 
Many pyrolysis experiments were recently conducted to obtain bio-oil from 
different feedstock materials such as sweet lime empty fruit bunch [209], rice straw, cedar 
wood, and dalbergia wood [210], rice husk [138-140], Quercus rubra (red oak) wood 
chips [211], cotton wood [131], Beech wood [129], grape seeds [154], Napier grass[212], 
Pine [213], and date palm wastes [20, 21, 82, 156, 163, 214-217].      
The slow pyrolysis is usually conducted to produce bio-char which reaches 35% 
[98], as the low heating rate with longer residence time further promotes the formation of 
solid products. Nevertheless, in some types of biomass, such as date palm stones, the bio-
oil yield of slow pyrolysis reached 52.67-66.5% [20, 84]. Furthermore, slow pyrolysis can 
handle a wider range of biomass particle size from 5 to 50 mm [100, 101]. The slow 
heating rate and the low temperature gives the slow pyrolysis little superiority in terms of 
the ease of handling; despite its low yield of bio-oil compared with other pyrolysis 
processes. The production of bio-char from slow pyrolysis of fronds of date palm was 
investigated by Jouiad  et al. [162]. The proximate analysis showed that the bio-char 




ash 7.1 wt%.  In order to maximize the bio-oil yield from the slow pyrolysis of palm shell, 
a helical screw fluidized bed reactor was designed and installed by Qureshi et al. [161]. 
Their experiments were performed with heating rate of 10 °C/min to reach 500 °C without 
using any inert gases. The bio-oil yield was increased from 38.4 to 51.6 wt.% when the 
helical screw rotation was increased from 0 to 50- rpm. The slow pyrolysis of date palm 
stones in a laboratory scale semi-batch fixed bed reactor was investigated by Fadhil et al. 
[20]. They studied the influence of the pyrolysis temperature, time and date stones size 
on the bio-oil yield. They found that the maximum bio-oil yield of 52.67% is obtained 
when the temperature and time of the pyrolysis process are 500 °C and 60 min, 
respectively, when date stone size of 0.25 mm is used. The proximate and ultimate 
analyses were performed to obtain the physical and chemical properties of the bio-oil. 
Furthermore, they used also adsorption column chromatography to determine the 
chemical composition of the obtained bio-oil. They found that the chemical composition 
of the bio-oil produced from the pyrolysis of date stones showed the potential of date 
stones as an important source of alternative fuel and chemicals as well. The slow pyrolysis 
of date palm stones and date palm mixture wastes  in a bench-scale fluidized bed reactor 
was studied also by Bharath et al. [84]. In order to optimize the production of pyrolysis 
bio-oil, they studied the effects of varying the different experimental parameters such as 
the pyrolysis time (10–60 min), temperature (300–600 °C), fluidizing gas flow rate (5–30 
mL/ min), and biomass loading (50–350 g). Their results showed that a high quantity of 
bio-oil is produced from the pyrolysis of date stone and date palm mixture wastes at 500 
°C for 30 min with a feedstock loading of 200 g and fluidizing gas flow rate of 10 mL/min. 
Slow pyrolysis of date palm waste (DPW) in a fixed-bed reactor was studied by 
Bensidhom et al. [82]. The DPW includes date palm rachis (DPR), date palm leaflets 
(DPL), empty fruit bunches (EFB) and date palm Glaich (DPG). The pyrolysis of the 
different DPW samples was conducted in fixed bed reactor at final temperature of 500 
°C, with heating rate of 15 °C/min. They concluded that the maximum bio-oil is obtained 
from the pyrolysis of date palm empty fruits bunches which reaches 25.99% followed by 
rachis which produces bio-oil of 25.9%.  
Slow pyrolysis of various materials were also studied such as bamboo subfamily 




shells [136] and live and dead vegetation native to the southern United State of America 
[153].   
Recently, Slow pyrolysis of Seed cakes of African star apple and Silk cotton as a 
source of bio-oil was experimentally investigated by Sokoto et al. [135]. Their study was 
carried out at a temperatures range of 300-450 ˚C with a heating rate of 10 ˚C min-1 for 
60 min residence period in a nitrogen atmosphere. Their experimental results showed that 
the optimum bio-oil yields for silk cotton (33.1%) and for seed of African apple (48.3%) 
were achieved at 400 ˚C. The Bio-char yield decreases from 38 to 28% when the 
temperature increases from 300 ˚C to 450 ˚C for apple seed cake which could be due to 
greater primary decomposition of the biomass samples. A similar trend also observed for 
silk cotton with a lowest bio-char yield of 32% at 450 ˚C. The GC-MS analysis showed 
that the seed of Apple bio-oil has an acids (25.15%), phenolics (18.35%), and 
hydrocarbons (18.58%) as the major compounds. N-containing compounds (38.17%), 
carboxylic acid (23.79%), and phenolic (16.57%) were the dominant compounds in Silk 
cotton bio-oil. 
The literature results displayed in Chapter 2 reveal that the date stones and rachis 
are considered the most promising biomass feedstock for biofuel production [55, 156]. In 
addition to the fact that the Barhee and Medjool are the most famous and abundant date 
palm trees in Tabuk city, Saudi Arabia. So, in this work, the slow pyrolysis of stones and 
rachis obtained from these two types of dates trees were experimentally studied on a 
laboratory scale for the first time as authors know. This chapter presents the details of the 
slow pyrolysis experiments and discussions of the obtained results including the 
characterization of the bio-oil products. 
 
5.2. Material and methods 
 
The methodology of current study is presented in this section from the material collection 
and preparation, followed by the details of experimental setup and procedure and ended 





5.2.1. Material preparation    
Before conducting the slow pyrolysis experiments, Barhee and Medjool stones and rachis 
were collected and dried at room temperature for one week to ensure that the sample 
reached its final moisture content. The dried samples of Barhee and the Medjool stone 
and rachis were milled as shown in Fig. 5. 1.  
 
Fig. 5. 1. Stone and Rachis samples  
5.2.2. Slow pyrolysis experimental setup 
The slow pyrolysis setup consists of nitrogen gas cylinder, a fixed-bed batch glass reactor, 
200 W electric heater, and dry ice condenser as clearly seen in Fig. 5. 2 (a) and (b).  
The batch reactor is a 500 ml flask made of thermal treated glass.  It has two inlets 
and one outlet. One inlet was used for supplying the nitrogen which serves as a purging 
agent and the other inlet was used for filling the biomass particles. The outlet of the flask 
was used for the pyrolysis vapor. In order to minimize the heat losses, the reactor and the 
pipe carrying the pyrolysis vapor from the reactor outlet were well insulated. An electrical 
heater of rated power 200 watt was used to provide the thermal energy required for heating 




up the biomass to 400 ˚C.  A cotton wool filter was also used at the outlet of the reactor 
to trap the impurities and solids loaded with the pyrolysis vapor. 
  The dry ice condenser is a double glass tube closed from the lower end forming a 
cylindrical cavity of volume 1 L with double glass jacket. This cylindrical cavity was 
filled with the dry ice and 300 ml of acetone. The double glass tube of inner and outer 
diameter equal 14 and 20 cm, respectively. The outer and inner tubes uppers were welded 
together to form a completely closed double glass jacket except the only three openings 
in the outer glass tube for the inlet of pyrolysis hot gasses, outlet of uncontestable gases 
and the outlet of  bio-oil yield as shown in Fig. 5. 2. (a) and (b). This design of the dry ice 
condenser was chosen because it provides a suitable volume for the expansion of the 
condensable gas and achieves very large heat transfer area between hot gases and dry ice. 
Maintaining the temperature at -70 ˚C by using the dry ice in this condenser is also 
consider another superiority of this selection that significantly maximizes the 
condensation.  
The temperature inside the reactor was measured using a thermometer in order to 
continuously monitor the temperature and ensure that it constantly at the slow pyrolysis 
temperature. The temperature of non-condensable gases was also measured by using K-








1. Nitrogen gas cylinder 2. Electric heater 3. Glass fixed bed reactor 4. Thermometer 
5. Dry ice condenser 6. Bio-oil 7. K-type thermocouple 8. Dry ice and acetone. 
Fig. 5. 2. Photograph of the slow pyrolysis experiment setup (a), Schematic diagram of 



















5.2.3. Experimental procedure 
Four slow pyrolysis experiments for Barhee and Medjool date stones and rachis were 
conducted. Before starting the experiments, the system was checked before conducting 
the experiments to ensure that there is no leakage by filling the pyrolysis rig with nitrogen 
at 30 kPa and left at that pressure for 5 minutes. In each slow pyrolysis experiment, firstly 
the sample was dried, grinded then 80 g of biomass was weighted and placed inside the 
batch reactor. In order to ensure that the weight of sample is kept at 80 g, the reactor was 
weighted with and without the biomass sample.  
The heat required for slow pyrolysis was provided by 200 W electric heater, where 
the temperature was increased gradually with heating rate 10 ˚C/min until it reaches 400 
˚C. During that nitrogen gas at 1 bar was forced to flow through the reactor with flow rate 
100 ml/min using manual controlling valve. It was noticed that the pyrolysis gases was 
produced at temperature 90 ˚C and leaving the reactor and flow towards the condenser 
where the condensable gases were condensed and the bio-oil drops were collected in a 
container. The non-condensable gases were channeled outside via the fume chamber.  
All experiments were operated until the biomass samples were completely 
converted to char and the yield of bio-oil tends to zero, this nearly takes one hour.  
In order to obtain reliable results, the four experiments were repeated three times 
and the bio-oil and char produced were collected from each experiment as seen in Fig. 5. 
3. The bio-oil samples were stored in a refrigerator until the GC-MS analysis.  
The percentage of char and bio-oil yields were calculated as follows [82]: 
𝑏𝑖𝑜 − 𝑜𝑖𝑙 𝑦𝑖𝑒𝑙𝑑 (𝑜𝑟 𝑐ℎ𝑎𝑟 𝑦𝑖𝑒𝑙𝑑 )% =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑏𝑖𝑜−𝑜𝑖𝑙(𝑜𝑟 𝑐ℎ𝑎𝑟)
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 




The syngas yield can be calculated by applying the principle of mass balance 
conservation, as the following [82]: 
𝑠𝑦𝑛𝑔𝑎𝑠 𝑦𝑖𝑒𝑙𝑑 % = 100% − [𝑏𝑖𝑜 − 𝑜𝑖𝑙 𝑦𝑖𝑒𝑙𝑑 % + 𝑐ℎ𝑎𝑟 𝑦𝑖𝑒𝑙𝑑%]. 
  
Barhee and Medjool rachis char and bio 
oil samples. 
Barhee and Medjool stone bio-oil and 
char samples. 
 
Fig. 5. 3. The bio-oil and char collected from the slow pyrolysis of Barhee and Medjool 
rachis and stone. 
5.2.4. Characterization of bio-oil   
In order to candidate the bio-oil for any application, it is very important to know the 
composition, physical and chemical properties of the bio-oil extracted from the slow 
pyrolysis. The proximate analysis is used to determine the physical characteristics of bio-
oil. The ultimate analysis was used to obtain the elemental components of the bio-oil such 
as carbon, hydrogen, nitrogen, oxygen and sulphur contents [187, 189]. The composition 
of bio-oil was specified by using gas chromatography mass spectrometry (GC-MS). The 




of the bio-oil was measured by using JENWAY 4330 pH meter.  The detailed procedure 
used for bio-oil characterization is presented in Chapter 3. 
 5.3 Results and discussions 
 
In order to obtain reliable results, each slow pyrolysis experiment was repeated three times 
with the same operating conditions. The production of bio-oil and char obtained from 
each experiment are reported in Table 5.1. Keeping in mind that the amount of gas yield 
was not measured in this work, but it was estimated by the difference between the amount 
of biomass and the measured yields of bio-oil and char. It is clearly seen in Table 5.1 that 
the largest yield of bio-oil among the four slow pyrolysis trials is obtained when the 
Barhee rachis is used as feedstock, where the bio-oil yield reaches 21.54%.  Whereas, the 
optimum char yield of 73.35% is obtained from the Barhee stone. The results illustrated 
in Table 5.1 show also that the bio-oil obtained from slow pyrolysis of Barhee stone and 
rachis are 12.64-17.93 and 10-21.54%, respectively, compared with 13.04-16.71 and 
6.54-14.44% for Medjool stone and rachis, respectively. Whereas, the char yield from 
Barhee stone and rachis are 48.7-73.35 and 53.24-61.55%, respectively, compared with 
53.49-72.68 and 50.69-69.34 for Medjool stone and rachis, respectively. From the results 
summarized in Table 5.1, it is concluded that the slow pyrolysis of Barhee and Medjool 
stone gives high char yield at the expense of the bio-oil yield. Table 5.1 also summarizes 
similar results found in the literature that focus on the slow pyrolysis of different date 
palm wastes. For the purpose of comparison, the pyrolysis mode and temperature are also 
of great interest in Table 5.1. The slow pyrolysis yield results obtained from current study 
are close to that obtained by Bensidhum [82] especially when comparing Barhee stone 




seen in Table 5.1 that the yield of bio-oil obtained from the slow pyrolysis of date palm 
stones is very low compared with similar results of date stones reported by  Fadhil et al 
[20] and Bharath et al. [84]. This is may be due the low pyrolysis temperature (400 ˚C) 
used in the current study compared with other study reported in Table 5.1. Where, it is 





Table 5. 1. The yield of slow pyrolysis of Barhee and Medjool date palm stone and rachis compared with similar results in the literature. 
Ref.  Pyrolysis mode/type 
of reactor 
Temperature (˚C) heating rate ( 
˚C/min) 








Slow/fixed bed   400 10 Barhee stone Sample 1 12.64 72.55 14.81 
  Sample 2 17.93 73.35 8.72 
  Sample 3 16.05 48.7 35.25 
  Average 15.5 64.9 19.6 
  Std. dev. 2.6 14 13.8 
 Medjool stone  Sample 1 14.31 57.28 28.41 
 Sample 2 13.04 72.68 14.28 
 Sample 3 16.71 53.49 29.8 
  Average 14.7 61.2 24.2 
  Std. dev. 1.8 10.1 8.5 
 Barhee rachis Sample 1 17.89 61.55 20.56 
 Sample 2 21.54 53.24 25.22 
 Sample 3 10 53.86 36.14 
  Average 16.5 56.2 27.3 
  Std. dev. 5.8 4.6 7.9 
 Medjool rachis Sample 1 6.54 69.34 24.12 
 Sample 2 14.44 68.15 17.41 
 Sample 3 12.39 50.69 36.92 
     Average 11.1 62.7 26.2 
     Std. dev. 4 10.4 9.9 
[20] Slow/fixed bed 500 20 Date palm stone 
Date palm stone 
52.67 22.33 25 
[84] Slow/fluidized bed  500 20 66.5   27.3 6.2 
[164] Slow /fixed bed 550/10 10 Date palm frond 49 26 25 
[82] Slow/fixed bed 500/15 15 Date palm rachis  25.9 35 39.1 
 Date Palm Leaflets  17.03 36.66 46.31 
 Empty Fruit Bunches  25.99 33.33 40.68 
 Date Palm Glaich  25 31.63 43.37 
[161] Slow/fixed bed 500/10 10 Palm shell 38.4 35.5 26.1 
Slow/fluidized bed 500/10 10 Palm shell 51.6 26.6 21.8 
[21] Fast/bubbling 
fluidized bed 
525/- - Mixture of date palm wastes 38.8 37.2 24 
[86] Catalytic slow 
pyrolysis 




5.3.1 Characterization of the bio-oil 
The characterization of the bio-oil is very important step in order to candidate the bio-oil 
for any application. Table 5.2 displays the measured results of physical and chemical 
properties such as density, viscosity, and pH of the bio-oil measured according the 
standard methods previously mentioned. Table 5.2 shows that the viscosity of the bio-oil 
obtained from Barhee rachis is little bit high compared with other samples obtained from 
Barhee stone and Medjool stone and rachis. Whereas, there are no significant differences 
in the bio-oil pH of different samples and density.  
Table 5.2 shows also good agreement between the chemical and physical 
properties of the bio-oil obtained from Barhee and Medjool date palm stones and that of 
date palm stones reported by Fadhil et al. [20]. Table 5.2 shows also the chemical and 
physical properties of the bio-oil extracted by slow pyrolysis from several feedstock such 
as Rice husk [86], and Mahua seed [92]. No significant differences between the densities 
as well as pH of the bio-oil obtained from the different feed stocks as obviously shown in 











Table 5. 2. Physical and chemical properties of bio-oil. 












Slow/fixed bed  400/10 Barhee stone 3.27 4.88 0.9760 
Medjool stone  3.77 4.74 0.9499 
Barhee rachis 3.41 6.66 0.9529 
Medjool rachis 3.38 5.91 0.9529 
[20] Slow/fixed bed  500/20 Date palm stone  3.3 13.5  0.9572 
[86] Catalytic slow 
pyrolysis 
450/25 (the catalytic reactor 
is kept at 490-540 ˚C) 
Rice husk  3 1.68 1.065 




Table 5. 3 displays the percentage of water content in the bio-oil produced from the slow 
pyrolysis of Barhee and Medjool stone and rachis using the 870 Volumetric Karl Fischer 
Titrator. In order to ensure confident results, each experiment conducted 3 times as 
previously mentioned, and all characterizations of the bio-oil are obtained for  the three 3 
samples collected from each certain experiment.  The results showed that high water 
contents are found in bio-oil produced from the slow pyrolysis of stones compared to 
rachis as obviously seen in Table 5.3. From the results shown in Table 5.3, the percentage 
of water content presented in bio-oil extracted from Medjool stone is 46.55-50.52% 
compared to 43.47-50.19 for Barhee stone. Whereas, it is found 14.24-16.71% and 14.55-
15.66 for the Medjool rachis and Barhee rachis, respectively.  
Table 5. 3. The water content of the bio-oil produced from Barhee and Medjool stone and rachis   
Sample  Sample 1 (%) Sample 2 (%) Sample 3 (%) Average (%) Std. Dev. 
      
Barhee stone  46.96 50.19 43.47 46.87 3.36 
Medjool stone  50.52 48.48 46.55 48.52 1.98 
Barhee rachis 15.66 15.65 14.55 15.29 0.63 
Medjool rachis 14.24 15.74 16.71 15.56 1.24 
Mixture of date palm wastes [21] 10.4  
Rice husk [86] 52.6  
 
The bio- oil produced through slow pyrolysis of Barhee and Medjool date palm stones 
and rachises was analyzed for its ultimate analysis by MEDAC LTD (analytical and 
chemical consultancy services) which provides carbon, hydrogen and nitrogen, while the 
oxygen content was calculated from the difference. Table 5.4 summarize the ultimate 




stones and rachis in comparison with literature data. The ultimate analysis of three 
samples of the bio-oil from the same feedstock are given in Table 5.4. High percentage 
content of carbon is found in bio-oil from stones whatever it is (Medjool or Barhee). This 
percentage reaches 73.83% in the case of Barhee stone. While, it is found from 72.94 to 
73.71% in case of Medjool stone with good agreement with that value reported by Fadhil 
et al. [20] where they found that the percentage of carbon reaches 73.56% in the bio-oil 
obtained from the pyrolysis of date palm stone (Phoenix dactylifera L.) as is also clearly 
seen in Table 5.4. This good agreement is not only found in the carbon content in bio-oil 
of date palm stone (Barhee or Medjool) but also in the contents of hydrogen, and oxygen. 
It is also noticed that the bio-oil obtained from the slow pyrolysis of Barhee and Medjool 
rachis has low carbon content, where the percentage of carbon content is found 8.61-19.03 
and 9.98-18.68% in the case of Barhee and Medjool rachis, respectively. These values of 
carbon from Barhee and Medjool date palm rachis are considered very low compared with 
those reported by Bensidhom et al. [82] where the carbon content of the bio-oil obtained 
from Tunisian date palm rachis reaches 60.43%. Whereas the percentage of hydrogen 
content is approximately constant (9.13-11.02%) in all tested samples with good 
agreement with those reported values found in the literature [20, 82].  
The results showed also high superiority of the bio-oil extracted from the slow 
pyrolysis of Barhee and Medjool stones from the heating value point of view as obviously 
seen in Table 5.4. In the case of bio-oil extracted from rachis whatever it is from (Barhee 
or Medjool), there are significant differences between the HHV of the bio-oil obtained in 
current study and that reported in the literature [82]. Where, the HHV of the bio-oil from 




obtained from Barhee and Medjool date palm stones but also with that values of date palm 
rachis and stones reported in the literature [20, 82]. There are also significant differences 
in the values of HHV based on the type of feed stock, where the Mahua seed bio-oil has 
the highest HHV of 39.02 MJ/kg flowed by date palm stones of 36-36.6 (current study), 
and 37.38 MJ/kg [20], whereas the Barhee rachis gives the lowest value of 4.09 MJ/kg. 
Table 5. 4. The ultimate analysis of the bio-oil extracted from slow pyrolysis of Barhee 
and Medjool date palm stones and rachis compared with similar results in the literature. 




Sample 1 72.11 10.52 0.24 <0.10 17.03 36.53 
Sample 2 73.83 10.33 0.37 <0.10 16.37 36.63 
Sample 3 71.62 10.36 0.44 <0.10 17.48 36.10 
Average  72.52 10.40 0.35 <0.1 16.96 36.4200 
Std. dev. 
1.16 0.1 0.1 - 0.55 0.28 
Medjool stone 
(current study) 
Sample 1 73.52 11.02 <0.10 <0.10 15.23 38.02 
Sample 2 72.94 9.92 0.41 <0.10 16.63 36.01 
Sample 3 73.71 10.88 0.24 <0.10 15.07 37.88 
Average  73.39 10.60 0.25 <0.1 15.64 37.30 




Sample 1 19.03 9.61 <0.10 <0.10 71.16 9.12 
Sample 2 8.61 9.76 <0.10 <0.10 81.43 4.09 
Sample 3 15.14 10.00 <0.10 <0.10 74.57 7.83 
Average  14.26 9.79 <0.1 <0.1 75.72 7.01 







Sample 1 18.68 9.76 <0.10 <0.10 71.36 9.17 
Sample 2 16.75 9.13 <0.10 <0.10 73.92 7.23 
Sample 3 9.98 10.59 <0.10 <0.10 79.23 6.22 
Average  15.13 9.82 0.1 0.1 74.83 7.54 
Std. dev. 4.56 0.73 - - 4.01 1.49 
Date palm  stone [20] 73.56 10.50      1.26 - 14.68  37.38 
Date palm rachis [82] 60.43 8.02      0.012 - 31.45 24.21 
Date Palm Leaflets [82] 51.5 7.68 0.046 - 40.78 21.46
 
 
Empty Fruit Bunches [82] 57.45  8.07  0.037  - 34.45  23.4 
Date Palm Glaich [82] 58.7 8.25 0.025 - 32.97 23.89 
Mixture of date palm 
wastes[21] 
49.63 7.35 1.09 0.1 41.84 20.88 
Rice husk [86]
 
23.38 10.39 0.51 <0.1 65.63 28.71 
Rapeseed [165] 73.1 11.5 4.7 0 10.7  
Linseed [166] 75.42 10.26 1.5 0 13.8  
Pistachio shell [89] 67.44 7.82 0.42 - 24.32  
Apricot shell [91] 64.45  8.24  0.18 -  26.5 27.19 
Mahua seed [92] 69.23  9.12  2.53  - 18.14 39.02 
Pomegranate seeds [167]
 
64.26  8.21  2.06  - 25.43 34.67 
a  The percentage of oxygen was calculated from the difference of C, H, N, and S 
5.3.2 Chemical composition of the bio-oil 
The detected compounds from the GC-MS analysis of Barhee and Medjool rachis 




extracted from the slow pyrolysis of Barhee date palm rachis is summarized in Table 5.5.  
Twenty two chemical components were found in the first sample; whereas, few of these 
components were not detected in the other bio-oil samples as seen in Table 5.5. Overall, 
the most abundant compounds identified in the bio-oil can be classified into 
monosaccharides, hydrocarbons, phenols, alcohols and ketones, which are commonly 
reported as natural extract from plant sources [21]. It is obviously seen in this Table that, 
Phenol, Furfural and Benzoic acid are considered the main components of the Barhee 
rachis bio-oil as their average percentage are 17.55, 14.97 and 14.96%, respectively. 
Phenol, Furfural and Benzoic acid percentage sum reaches 50.39% in one tested sample 
of Barhee rachis bio-oil whereas their sum is not less than 41.04% in any sample. 
Unfortunately, no published data of the chemical composition of date palm stone or rachis 
bio-oil are found in the literature. Whereas, few published work reported the chemical 
composition of bio-oil extracted by fast pyrolysis from date palm wastes such as a mixture 
of date palm wastes [21], and date palm shell [218] and by slow from date palm frond 
[164] and shell [161]. Phenol and furfural are also found of high percentage of the bio oil 
extracted from palm shell as they present 37.78-48.31%  and 4.6%, respectively [161].   
The chemical composition of the bio-oil extracted from Barhee date palm stones 
by slow pyrolysis is reported in Table 5.6.  The GC-MS results revealed that the Barhee 
stone bio-oil contains much d-allose as its percentage reaches 41.35% in one sample and 
28.56% in another sample, but it is surprisingly undetected in the other two samples. But 
it still has the higher average percentage over the four samples of 17.48%, flowed by 
dodecanoic acid (14.67%) which is detected in the four samples. The 5-methyle 2-




average percentage of   also of 7.52 and 5.51%, respectively.  Little amount of phenol is 
found in the bio-oil of Barhee stone with an average percentage of 1.74% compared to 
17.55% found in the Barhee rachis bio-oil. The d-allose is considered a monosaccharide 
that has the highest percentage of 11.09% of the bio-oil extracted from a mixture of date 
palm wastes [21].  
Table 5.7 presents the chemical composition of Medjool date palm rachis bio-oil. 
From results summarized in Table 5.7, it is clearly seen that more than 85% of the 
chemical components reported in this Table are detected in each sample which reflects 
the accuracy in conducting the four experiments and confirms that these reported results 
can be relied upon. The components of bio-oil extracted from Medjool rachis are 
approximately similar to that found in Barhee rachis bio-oil.  Phenol, Furfural and 
Benzoic acid are considered the main components of the Medjool rachis bio-oil as their 
average percentage are 18.4, 19.48, and 13.39% compared to 17.55, 14.97 and 14.96% in 
the case of Barhee rachis, respectively. Phenol, Furfural and Benzoic acid percentage sum 
reaches 63.85% in one tested sample of Medjool rachis bio-oil (MR3) whereas their sum 
is not less than 45.73 in any sample. The 2,6 dimethoxy phenol is also found of high 
content with average percentage of  7.58%. 
Table 5.8 illustrates the chemical composition of bio-oil obtained from the Mejool 
date palm stones. The GC-MS results showed that the first bio-oil sample (MS1) contains 
only five compounds which already found in other three samples. Whereas; 11, 15, 15 
compounds were found in the MS2, MS3 and MS_OLD, respectively. So, it is better to 
exclude the results of the first sample. d-allose, furfural, 5-methyl 2-furancarboxaldehyde, 




approximately represent 25.68, 15.14, 13.71, and 9.25 %, respectively. It is clearly seen 
that the d-allose has the highest percentage of the composition of the bio-oil obtained from 
the date palm stones whatever its type was (17.48 % in Barhee and 25.68% in Medjool). 
d-allose is also has the highest percentage in the results reported by Makkawi et al. [21] 




Table 5. 5. GC-MS of Barhee rachis bio-oil. 
RT min-1 Compound name 
Chemical 
formula  
Chemical group  % 
S1 S2 S3 S4 
4.19 Furfural 
C5H4O2 Furan 17.06 18.27 13.72 10.8
4 
5.35 2-methyl 2 cyclopenten-1-one C6H8O Ketone  1.27 - - - 
5.43 Acetyl furan C6H6O2 Furan 0.99 - - - 
5.55 2(5h)Furanone C4H4O2 Furan  1.95 - - - 
5.63 2,2 diethoxy Ethanol C6H14O3 Alcohol 1.79 15.06 - 7.67 
5.89 5-methyl 2 (5H) furanone C5H6O2 Furan  0.76 - - - 
6.20 5-methyl 2-furancarboxaldehyde C6H6O2 Aldehyde 5.92 4.74 3.76 2.62 
6.27 3-methyl 2 cyclopentene 1-one C6H8O Ketone 1.51 1.14 1.85 1.92 
6.65 Phenol 
C6H6O Phenol 
18.32 16.43 19.33 
16.1
2 
6.92 2,5 Diethoxytetrahydro Furan C8H16O3 Furan 6.43 2.31 7.63 7.52 
7.41 3-methyl 1,2 cyclopentanedione C6H8O2 Ketone  2.45 1.84 3.42 3.57 
7.78 2-methyl phenol C7H8O Phenol 2.59 4.12 2.63 3.63 
7.82 acetophenone C8H8O Esters 1.39 1.53 0.87 1.02 
8.03 2-methyl propanoic acid anhydride C8H14O3 Acid 1.15 3.69 0.89 2.6 
8.18 2-methoxy phenol C7H8O2 phenol 2.89 4.52 4.39 2.88 
8.28 Benzoic acid methyl ester C8H8O2 Ester  1.3 1.63 2.13 1.62 
8.72 3-ethyl-2-hydroxy-2-cyclopenten-1-one C7H10O2 Ketone  1.8 1.3 1.96 2.22 
10.18 Benzoic acid 
C6H5COOH Acid  
14.08 14.37 17.34 
14.0
8 
10.54 5-hydroxymethylfurfural C6H6O3 Furan 2.14 2.05 3.76 7.84 
11.94 2,6 dimethozy phenol C11H14O3 Phenol 5.61 2.13 7.85 7.82 
13.12 4-methoxy-3-(methoxy methyl) phenol C8H10O2 Phenol 1.49 - 1.91 1.57 
14.03 2-(methylmercapto)-benzothiazol C8H8N2S - 0.71 - 0.95 1.12 










Table 5. 6. GC-MS of Barhee stones bio-oil. 
RT min-1 Compound name 
Chemical formula Chemical group  % 
S1 S2 S3 S4 
4.11 Furfural C5H4O2 Furan  2.15 29.75 5.40 0.736 
4.24 diacetone alcohol C6H12O2 Ketone  0.86 7.36 1.79 - 
4.51 2-furanmethanol C5H6O2 Furan  1.94 - 5.45 - 
5.22 2-methyl 2 cyclopenten-1-one C6H8O - 0.23 - 0.52 - 
5.3 Acetyl furan C6H6O2 Furan 0.44 3.79 0.92 - 
5.41 2(5h)Furanone C4H4O2 Furan  1.17 5.32 3.4 - 
6.15 5-methyl 2-furancarboxaldehyde C6H6O2 Aldehyde 2.96 21.81 5.69 - 
6.2 1-acetoxy-2butanone C6H12O2 Ester - - 2.39 - 
6.23 3-methyl 2 cyclopentene 1-one C6H8O Ketone 1.03 6.7 2.59 - 
6.65 Phenol C6H6O Phenol 1.09 4.54 1.32 - 
7.32 3-Methylcyclopentane-1,2-dione C6H8O2 Ketone  2.82 5.86 2.85 - 
8.66 Maltol C6H6O3 - 5.7 5.89 4.82 - 
9.92 1,4,3,6-dianhydro a-d-glucopyranose C6H8O4 - 3.13 - 3.9 - 
10.17 Catechol C6H6O2 - 5.76 - 3.37 - 
10.5 5-hydroxymethylfurfural C6H6O3 Furan  3.85 - 5.08  
10.63 d-melezitose C18H32O16 Carbohydrates  1.58 - 3.51  
14.38 d-allose C6H12O6 Monosaccharide 28.56 - 41.35 - 
14.63 dodecanoic acid C12H24O2  Acid  16.49 8.99 4.72 28.46 
15.56 8-heptadecene C17H34 - 1.12 - - 3.43 
15.65 8-heptadecene C17H34 - 1.06 - - 5.18 




16.7 Tetradecanoic acid C14H28O2 Acid  3.07 - - 12.39 
18.62 n-hexadecanoic acid C16H32O2 Acid  1.89 - - 6.72 
20.24 Oleic acid C18H34O2 Acid  4.34 - - 16 
20.41 Octadecanoic acid  C18H36O2 Acid  0.75 - - 1.12 
21.05 Propyl-9-octadecanoate C21H40O2 - 0.19 - - 1.48 
23.33 Diisoctyl phthalate C28H46O4 Ester  7.26 - 0.92 - 
















Table 5. 7. Medjool Rachis bio-oil chemical composition. 
RT min-1 Compound name 
Chemical formula Chemical group    % 
S1 S2 S3 S4 
4.17 Furfural 
C5H4O2 Furan   
8.95 23.18 17.04 
28.7
6 
5.25 2-methyl 2 cyclopenten-1-one C6H8O - 0.8 1.13 1.03 1.28 
5.34 Acetyl furan C6H6O2 Furan 0.63 0.86 0.85 1.2 
5.43 2(5h)Furanone C4H4O2 Furan  1.83 1.36 1.05 0.55 
5.67 2,2 diethoxy Ethanol C6H14O3 Alcohol  - 7.89 18.66 2.5 
6.19 5-methyl 2-furancarboxaldehyde C6H6O2 Aldehyde 2.81 2.78 2.16 3.79 
6.66 Phenol 
C6H6O phenol 
21.89 15.65 16.52 
19.5
4 
6.78 Phenol C6H6O Phenol  6.36 3.63 - - 
6.92 2,5 Diethoxytetrahydro Furan C8H16O3 Furan 7.22 5.35 5.59 3.74 
7.35 3-methyl 1,2 cyclopentanedione C6H8O2 Ketone 2.97 1.87 2.21 3.2 
7.78 2-methyl phenol C7H8O Phenol  3.82 2.09 2.93 3.42 
8.02 2-keto-n-valenic acid C8H15N3O3 Acid 1.58 3.02 5.16 0.94 
8.18 2-methoxy phenol C7H8O2 Phenol  3.07 3.11 2.65 3.19 
8.7 3-ethyl-2-hydroxy-2-cyclopenten-1-one C7H10O2 Ketone  1.84 1.87 1.57 1.79 
10.06 Benzoic acid 
C6H5COOH Acid  
16.21 9.62 12.17 
15.5
5 
11.94 2,6 dimethoxy phenol C8H10O3 phenol 11.86 6.52 8.86 3.08 
13.11 1,2,4 trimethoxybenzene C9H12O3 - 2.24 1.44 2.19 0.63 
14.02 2-(methylmercapto)-benzothiazol C8H7NS2 - 1.91 0.83 2.59 0.44 
15.26 1,2, decenylsuccinic anhydride C14H22O3 - 2.64 6.99 4.88 5.3 
16.05 Methoxyeugenol C11H14O3 Phenol 0.76 0.82 6.34 - 
16.75 Desaspidinol C11H14O4 - 0.62 0.13 1.19 0.33 









Table 5. 8. Chemical composition of Medjool stones bio-oil. 
RT min-1 Compound name 
Chemical formula Chemical group % 
S1 S2 S3 S4 
4.1 Furfural C5H4O2 Furan   9.23 13.76 22.42 6.13 
5.22 2-methyl 2 cyclopenten-1-one C6H8O Ketone  0.87 2.2 1.75 - 
5.31 Acetyl furan C6H6O2 Furans 1.44 5.29 2.72 - 
5.43 2(5h)Furanone C4H4O2 Furan  3.63 5.29 4.1 10.59 
6.17 5-methyl 2-furancarboxaldehyde C6H6O2 Aldehyde 12.05 11.41 17.68 5.018 
6.66 Phenol C6H6O Phenol  2.63 2.46 3.78 - 
7.35 3-methyl 1,2 cyclopentanedione C6H8O2 Ketone  2.34 2.34 6.97 - 
8.7 Maltol C6H6O3 - 7.12 6.44 8.58 - 
9.92 1,4,3,6-dianhydro a-d-glucopyranose C6H8O4 - 5.42 4.19 5.77 - 
14.05 d-allose C6H12O6 Monosaccharide 38.22 18.14 20.69 - 
14.54 Dodecanoic acid   5.93 16.27 5.54 15.8 
16.64 Tetradecanoic acid C14H28O2 Acid  2.14 4.57 - - 
18.59 n-hexadecanoic acid C16H32O2 Acid  1.42 2.23 - - 
20.19 Octadecanoic acid  C18H36O2 Acid  3.17 4.11 - - 











 5.4 Conclusions  
 
In this chapter, the slow pyrolysis experiments of stones and rachis obtained from Barhee 
and Medjool date palm trees are presented. The characterization of the bio-oil is also 
discussed in details in this chapter. From the experimental results illustrated in this 
chapter, the following conclusions can be drawn:  
 The largest yield of bio-oil among the four slow pyrolysis experiments is obtained 
when the Barhee rachis is used as feedstock, where the bio-oil yield reaches 
21.54%. Whereas, the optimum char yield of 73.35% is obtained from the Barhee 
stone. 
 It is also concluded that the slow pyrolysis of Barhee and Medjool stone gives 
high char yield at the expense of the bio-oil yield. 
 The water content presented in bio-oil extracted from Medjool stone is found 
46.55-50.52% compared to 43.47-50.19 for Barhee stone. Whereas, it is found 
14.24-16.71% and 14.55-15.66 for the Medjool rachis and Barhee rachis, 
respectively. 
 High percentage carbon content is found in bio-oil from stones samples; where, 
its percentage reaches 73.83% in the case of Barhee stone. While, it is found from 
72.94 to 73.71% in case of Medjool stone. 
 Low carbon contents are found in the bio-oil obtained from the slow pyrolysis of 
Barhee and Medjool rachis, where the percentage of carbon content is found 8.61-
19.03 and 9.98-18.68% in the case of Barhee and Medjool rachis, respectively. 
 The results showed also high superiority of the bio-oil extracted from the slow 




 The GC-MS analysis results showed that the Phenol, Furfural and Benzoic acid 
are considered the main components of the Medjool and Barhee rachis bio-oil; 
where their average percentage in the Medjool rachis bio-oil are 18.4, 19.48, and 
13.39% compared to 17.55, 14.97 and 14.96% in the case of Barhee rachis, 
respectively. 
 The GC-MS results revealed also that the Barhee and Medjool stone bio-oil mainly 
contents of d-allose, as its average percentage is found 17.48%, in the case Barhee 







Techno-economic Analysis of hybrid solar-biomass energy in the 
Middle East 
 
6.1 Availability and current status of hybrid solar-biomass development in the 
Middle East 
 
A few studies on hybrid solar-biomass power generation have been conducted in the 
Middle East so far. The conventional configuration of biomass power plant operated on 
combined Bryton-Rankine power generation system. [219].  
Two novel configurations for hybrid solar-biomass for power generation in Iran 
were proposed by Sarkis and Zare [219]. The first configuration is similar to the 
conventional biomass power plant except that the working fluid in the Rankine cycle is 
heat by parabolic trough collector (PTC) in addition to the heat recovered from the Bryton 
cycle. While in the second configuration, the PTC as direct steam generation (DSG) is 
used to generate additional steam in Rankine cycle. The two configurations were modeled 
using Engineering equation solver (EES) software. They found that the levelized cost of 
electricity (LCOE) for the first and second proposed configurations are 79.88 and 74.94 
$/MWh, respectively, compared to 79.34 $/MWh for the conventional biomass power 
plant system.    
A combined cycle based on new configuration of hybrid biomass-solar power 
plant for electrical power generation in Iran was proposed by Anvari et al. [220]. The 
system consists of three sub-systems: biomass section (gas turbine cycle coupled to a 
biomass gasifier), solar section (consists of heliostats and power tower) and the steam 
turbine section (a conventional Rankine cycle). The biofuel produced in the gasifier firstly 
flows into the combustion chamber where it reacted with the compressed air from the 
compressor. The high temperature combustion products are expanded in the high-pressure 
gas turbine (HPGT) to generate main produced power. After that, it passes through the 
inter-mediate heat exchanger (IHE) where it is reheated by the solar energy using heliostat 




the low-pressure gas turbine (LPGT) to generate an additional power before entering the 
evaporator of the Rankine cycle for more power generation. The proposed system was 
modeled using EES software. Their results showed that, adding the solar section to the 
biomass-based system increases the power generation by about 25% with reduction in 
CO2 emission by about 31%. 
Micro-power optimization model is used by Ghenai and Janajreh [221] to design 
solar-biomass hybrid system for the electrical power generation in Sharjah, UAE. The 
micro grid hybrid system was designed based on solar photovoltaic (PV) and biogas 
generators integrated with batteries and converters. The system was simulated, optimized 
and economically analyzed. The results showed that the solar-biomass hybrid system can 
provide up to 14% of the total yearly electrical demand in the city of Sharjah with the 
percentage shared by PV panel of 74% and 26% by the biogas generator. The LCOE was 
found 0.328 $/kWh which is considered relatively high and is less attractive to the users. 
So, it is important to search for new alternative and renewable biofuels with higher energy 
density for power generation in order to reduce the cost of power generation from 
renewable energy systems. 
Although, the hybrid solar-biomass power generation systems are in their nascent 
stages, a number of feasibility and technology studies have been conducted for countries 
such as India [222], Brazil [223], Australia [224-226] and Ireland  [227]. Several hybrid 
solar-biomass systems have been studied by Peterseim et al. [23]. The maximum energy 
efficiency of 33.2% is obtained for solar tower and gasification, whereas Fresnel and 
fluidized bed offer the lowest specific investment ($/MWe). Several challenges need to 
be addressed before solar-biomass hybrid plants are implemented extensively. The first 
challenge is the location as most of the concentrating solar power (CSP) plants around the 
world are located in areas with direct normal irradiation more than 20 MJ/m2/day. While 
a few locations that simultaneously have large biomass resources suitable for 
hybridization. In order to construct any hybrid solar-biomass plant, a steady supply of fuel 
for an average plant lifespan of 25 years needs to be ensured. In spite of these challenges, 
the first and the only commercial CSP-biomass plant of capacity 22.5 MWe has been 




6.2 Review on Solar thermal Energy plants 
 
The utilization of solar energy to generate electricity is considered one of the most 
important points of research in the strategic plans of most universities and research centres 
in the Middle East. Two technologies are used to generate electricity from solar energy; 
the Photovoltaic (PV) technology in which the solar energy is directly converted to 
electricity and the solar thermal power (STP) plants in which the solar energy is firstly 
converted to thermal energy then converted to electricity. Most of the STP plants use the 
concentrating solar power (CSP) technology. Nowadays the PV is considered the most 
used technology around the world, because of it is still having the lower cost so far [229].  
Recently, great efforts have been done by many researchers around the world to improve 
the performance of the CSP. It is expected that the CSP with thermal storage would 
develop its highest potential in arid areas located at Sun Belt (relatively low latitudes) 
[230], as it has two advantages over PV: 
1- It uses same thermal power conversion as the conventional thermal power (fossil 
or nuclear) and can therefore be integrated with the existing power infrastructure 
easily. 
2- It uses thermal energy storage which is a tenth the cost of battery storage used 
with PV. 
The solar thermal power (STP) plant consists of three subsystem; the solar field, power 
cycle and the electrical generator as seen in Fig. 6. 1. The Rankine cycle is the most 
common and competitive power cycle in solar thermal power plants [231]; so it is 




to heat by the solar field. This heat is transferred to the power cycle by using heat transfer 
fluid, where the working fluid (water or organic fluid) is evaporated. The turbine 
converted the thermal energy to mechanical energy which converted to electrical energy 
by using the generator. The different parts of the solar thermal power plant including the 
different types of solar field and power cycle are shown in Fig. 6. 2. 
 
Fig. 6. 1. The solar thermal power plant [232, 233]. 
Solar collectors (flat plate or evacuated tube solar collector) can be used in low 
temperature solar power plant. Whereas the concentrating solar power such as solar tower, 
parabolic trough collector, and linear Fresnel reflector are used in a high temperature solar 
power plant. Two configurations of a solar field can be used: in the first, the vapor is 
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(DVG). In the second configuration, heat transfer fluid (HTF) is heated inside the absorber 
tube of the collector then it is used to generate the vapor inside a heat exchanger as 
displayed in Fig 6.1 where in this configuration, the HTF is used. The selection of heat 





Fig. 6. 2. A schematic diagram of the different parts of the solar thermal power plant including the different strategies of solar 
field and power cycle [232].  
































6.2.1 Review of developments of solar field 
 
The solar field circuit consists of the solar collector or CSP, heat exchanger and the heat 
transfer fluid which transfers the thermal energy from the solar field to the power cycle 
working fluid. This section focuses on the selection of the concentrating solar power and 
heat transfer fluid.  
So far, there are four types CSP systems; the parabolic trough collector (PTC) and solar 
power tower (ST), parabolic solar dishes, linear Fresnel reflector (LFR). However, the 
PTC and solar power tower (ST) are the most dominant CSP systems [234].  
The parabolic-trough system is the most widely used CSP technology as 76.57% 
of the CSP plants used PTC [235]. There are 77 operational PTC plants around the world 
so far. Most of these plants are located in United States and Spain. Five PTC plants located 
in the Middle East; two in Morocco, one in Algeria, one in Egypt, one in the United Arab 
Emirates. In addition, a PTC plant of capacity 43 MW is under construction in Saudi 
Arabia. Kuwait is also planning to build PTC plant [234]. 
Large flat mirrors are used in the ST plants to reflect the solar radiation to a 
receiver located on the top of the centrally located tower [236]. The materials of the 
receiver are generally ceramics or metals that are stable at operating temperatures. Three 
ST Plants are constructed in California, USA in 2010 to generate 392 MW [234]. Fig. 6. 





Fig. 6. 3. 10 MW ST plant located at Seville, Spain [234]. 
Technical and economic feasibility of integrating the main CSP technologies 
(PTC, SPT, LFR) with cogeneration gas turbine systems under the weather condition of 
Dhahran, Saudi Arabia are theoretically studied by Mokheimer et al. [237]. They used 
HERMOFLEX with PEACE software to simulate the performance of the proposed CSP 
plants. The simulation results showed that the integration of PTC and LFR are more 
economically and environmentally feasible. 
A hybrid concentrating solar-coal power plant is theoretically studied by Zhu et al. [238]. 
The PTC and SPT are compared in their proposed system. They concluded that the 
utilization of ST is better than PTC in their proposed hybrid plant based on all key 






 In order to minimize the cost of electric power production of the CSP plant in hot 
arid regions, the system advisor model (SAM) software is used by Trabelsi et al. [239] to 
optimize the size of PTC and steam turbine. They also investigated the utilization of 
therminol VP-1 and molten salt as heat transfer fluid in the solar circuit. They found that 
the CSP plant is operated more efficient with molten salt as the HTF.  
 The ST plant powered by the supercritical CO2 cycle is investigated by Polimeni et 
al. [240] when the liquid sodium is used as heat transfer fluid. They also compare the 
liquid sodium with two types of HTfs; solar salt (60%NaNO3/40%KNO3) and KCL-
MgCl2. The results showed that the best performance is obtained when the liquid sodium 
is used as the HTF. 
6.2.3 Techno-economic analysis for the solar power in the Middle East 
SAM (system advisor model) is used by Abbas et al.  [241] in order to evaluate the solar 
parabolic trough collector power plant. The energetic and economic performances of the 
plant such as monthly and annual energy production, and Levelized cost of energy 
(LCOE) are investigated. They selected four typical sites in Algeria (Tamanrasset, 
Bechar, Ghardia and Alger) to cover the maritime in the north and semi-arid to arid in the 
middle and the south climate conditions. The data of the four locations are summarized 










Table 6. 1. The data of Tamanrasset, Bechar, Ghardia and Alger sites [241]. 
Parameter  Tamanrasset Bechar Ghardia Alger 
Latitude 22° 47' N 31° 37' N 32° 4' N 36°.45' N 
Longitude 5° 31' E 2° 14' W 3° 08' W 3° 00'E 
Altitude (m) 1377 772 468 116 
Annual solar energy  (kWh/m2) 2691 2417 1800 1517 
Average ambient Temperature (°C) 21.7 20.9 21.3 17.8 
Average wind speed (m/s) 3.2 4.4 3.7 2.5 
 
The SAM software has been used to simulate 100 MW power plant based on PTC system 
considered in four locations. They used PTC model LS-3 (LUZ solar collector, third 
generation). In their design, the PTCs are arranged in 210 rows, each row has an aperture 
area of 4360 m2 (the total area is 915,600 m2).  
They found that the LCOE generated by the solar PTC plant at Tamanrasset and Bechar 
are 0.1193 $/kWh and 0.133 $/kWh, respectively. These results confirm the conclusion 
obtained by Abbas et al. [242] that the Tamanrasset is the most promising site for solar 
thermal power plant.  
Computer simulation code of PTC was developed by Mokheimer et al. [243] using 
Engineering Equations Solver (EES). In their design, the PTCs is fixed on steel structure 
with tracking system. They introduced also a detailed cost analysis of their proposed 
system. They investigated the thermal performance of the PTCs under the weather 




selected this city as it is located in MENA region where more than 35 GW of CSP plants 
will be installed before 2040. Their simulation focuses on the solar field only which is 
based on the PTC. Two types of the PTC are considered in the simulation; Euro Trough 
solar collector (ET-100) and LS-3.  They concluded that the cost rapidly decreases when 
the solar field size increases from 10 hectares to 60 hectares, after that the cost gradual 
decreases with increasing the solar field size. Therefore, they recommended that using the 
PTC in high capacity CSP plants. 
Thermodynamic, economic and environmental analysis of solar PTC power plants 
with and without using thermal energy storage (TES) are introduced by Boukelia et al. 
[244]. Eight different configurations of solar PTC power plants with two different 
working fluids (Therminol VP-1 and molten solar salt), with and without using TES 
and/or backup fuel system are designed in order to generate 50 MWe. In the cases of using 
TES, two tanks of solar salt are used as latent thermal storage. The power block is assumed 
to be Rankine cycle using water as working fluid. SAM software is used to simulate the 
eight designs and evaluate their economic and environmental impacts under the weather 
condition of Bechar, Algeria. The PTCs are arranged in 4 rows, each row has a total length 
equal 100 m and includes 12 module of aperture width 5 m. The plant used the molten 
solar salt as HTF with using TES and fossil fuel backup system (FBS) exhibits the highest 
overall energy efficiency (18.48%) and the lowest LCOE (0.0759 $/kWh) among the eight 
proposed configurations as clearly seen in Table 6.2. Based on the results presented in 
Table 6.2, it is not recommended that that using the TES in PTC solar thermal power 






Table 6. 2. The LCOE of different configurations [244]. 
 Configuration 
1 3 3 4 5 6 7 8 
Technology 
included 
HTF  Therminol VP-1         
Molten salt         
TES         
FBS         
LCOE ($/kWh) 0.935 0.116 0.078 0.091 0.096 0.010 0.0774 0.075 
 
In 2013, the United Arab Emirates installed its first CSP of capacity 120 MWe 
(Shams-1) which is considered the largest single unit CSP in the world.  Shams-1 based 
on PTC technology with aperture area of 627840 m2. Water is used as working fluid in 
the power cycle with dray cooling system. The molten salt used was HTF as well as TES. 
SAM software was used by Poghosyan and Hassan [245] to simulate Shams-1 and 
analyzing the technical and economic aspects of the plant with using TES system. They 
used the weather condition of Abu Dhabi city, UAE, and concluded that LCOE was 0.23 
$/kWh when booster heater and TES systems are implemented.  
Mathematical model Kalina cycle power plant powered by PTC was developed by 
Ashouri et al. [246] using Matlab and EES software. The solar field consists of 750 PTCs 
using Therminol VP-1 oil as HTF. The length of each collector is 1m and the aperture 
width is 0.7 m. the ammonia water mixture was used as working fluid in the power cycle 
the cycle. The power plant includes also sensible heat storage tank using thermal oil. The 




Solar thermal power plant of capacity 50 MWe was investigated by Boukelia et 
al. [247] by using SAM software and artificial neural network (ANN) models. Their 
proposed system consists of PTCs using Therminol VP-1 as HTF, FBS, TES and Rankine 
cycle using water as working fluid. The solar salt was used as latent heat thermal storage 
in the TES. Firstly, SAM software was used to simulate their proposed system using the 
typical metrological year data of Bechar, Algeria. Techno-economic analysis was also 
performed by using SAM.  Three ANN models are tested in order to select the best 
approach to predict and optimize the proposed system. The optimized LCOE was found 
to be 0.0888 $/kWh. 
The later proposed system was also investigated by Boukelia et al. [248] when the 
molten salt is used as HTF. The simulation results obtained from SAM and ANN model 
are compared to the configuration based on Therminol VP-1 as HTF under the same 
weather condition. They found that the molten salt is the best choice as HTF in their study 
as it achieves LCOE of 0.07 $/kWh compared to 0.083 $/kWh when the Therminol VP-1 
was used.      
Techno-economic analysis for 50 MWe CSP plant using PTCs was presented by 
Trabelsi et al.  [249]. In the solar field, they used PTCs with total aperture area of 510,120 
m2 arranged in 156 row, each row includes 4 collectors. A mixture of biphenyl (C12H10) 
and phenoxybenzene (C12H10O) is used as HTF as it can provide operating temperatures 
upto 400 ᵒC while its freezes point is 12 ᵒC. They used solar salt as latent heat thermal 
storage. They used Rankine cycle with water as working fluid. The dry and wet cooling 
are also investigated. Their proposed plant is simulated by SAM software under the 




system in the cases of wet and dry cooling are found to be 0.2139 and 0.1868 €/kWh, 
respectively. 
Recently, Trabelsi et al.  [239] used SAM software to simulate the CSP plant using PTC 
when two different types of HTF are used; Therminol VP-1 and Molten Salt. They found 
that the LCOE of the plant is 0.2017 $/kWh and 0.1615 $/kWh, when the Therminol VP-
1 and molten salt are used as HTF, respectively. Using Molten Salt as HTF achieves also 
increment in overall energy efficiency of 6% compared to Therminol VP-1. 
PTC solar power plant of capacity 100 MWe with TES  was designed and 
optimized by Praveen et al. [250]. The Hitec Solar Salt was used as HTF as well as latent 
heat TES. They used SAM software to simulate the proposed system under the weather 
condition of two sites in the Middle East; Abu Dhabi, UAE and Aswan, Egypt. They 
found that the annual energy generation of the optimized solar plant is 392.587 GWh and 
353.69 GWh for Aswan and Abu Dhabi sites, respectively.  Whereas the LCOE of the 
optimized solar plant was 0.06 and 0.05 $/kWh for Aswan and Abu Dhabi sites, 
respectively.  
Two configurations of solar tower power plants are simulated by Abbas et al. 
[251]. They used the molten salt as HTF in the first configuration while the direct steam 
generation technique is used in the other configuration. The energy production and 
economic analysis are carried out by SAM software. The design of the two ST plants are 





Table 6. 3. The design parameters of the molten salt and DSG ST plants [251]. 
Parameter Molten salt Direct steam generation 
Heat transfer type  Molten salt Steam  
Total field reflector area (m2) 141,198.6 137,585 
Total land area (m2)  683,905.9 712,585 
Number of heliostat  978 985 
Heliostat area (m2)  144.367 139.68 
Tower height (m) 180 150 
Receiver diameter (m) 15 8 
Cooling system Air cooled  Air cooled  
  
The results showed that the LCOE for the DSG and molten salt as HTF in ST plants are 
0.1972 and 0.2863 $/kWh, respectively. 
From the results reviewed in this work, it is found that the PTC is the most used 
technology for CSP plants in the Middle East as clearly seen in Table 6.4. Molten salt and 
Therminol VP-1 are the most HTFs used in the CSP in the Middle East as observed in 
Table 6.4. Little studies have been conducted to compare the different technologies of 
CSP at the same weather conditions in the Middle East. THERMOFLEX with PEACE 
simulation software has been used by Mokheimer et al. [237] in order to select the best 
CSP technology to be integrated with the fossil fuel gas turbine. Three CSP technologies; 
PTC, ST, LFR integrated individually with different gas turbine sizes (30- 150 MWe) are 
studied under Dhahran weather conditions. In order to reach at the optimal LCOE, 
comparative analysis has been conducted for all possible configurations of the integrated 
CSP gas turbine plant. The simulation results showed that the integration of LFR with the 
steam side of a gas turbine cogeneration plant of capacity 50 MWe is the best among the 




are recommended at high capacity (150 MWe). According to the obtained results, the best 
location to install this optimal configuration in Saudi Arabia is Jazan city. A CSP-wind 
hybrid power plant of capacity 50 MWe  is theoretically investigated by Ayadi and 
Alsalhen [252]. Their proposed system consists of PTCs in the solar field, TES using solar 
salt, power cycle with steam turbine and wind turbine as shown in Fig. 6. 4. The hybrid 
plant was simulated and optimized using TRNSYS 17 energy simulation software. The 
LCOE of the proposed hybrid plant was found to be 0.041 $/kWh, compared to 0.082 
$/kWh in the case of using CSP only. 
 
Fig. 6. 4. Hybrid CSP-Wind power plant diagram [252].  
From the data presented in this work, SAM was found to be the most common software 
used to simulate and optimize the CSP plants in the Middle East. This software is 
developed by the National Renewable Energy Laboratory (NREL), Golden, Colorado, 
USA. The computational algorithm flow chart of the CSP on SAM software is shown Fig. 









Table 6. 4. The CSP plants based on PTC and ST. 
Type of CSP Plant capacity  
(MWe) 
Configuration Location LCOE 
($/kWh) 
Ref. 











 Ghardia  0.213 
 Alger 0.2958 









Therminol VP-1 as HTF with TES 0.1162 
Therminol VP-1 as HTF with FBS 0.0785 
Therminol VP-1 as HTF with TES and FBS 0.0908 
Molten salt as HTF 0.0955 
Molten salt as HTF with TES 0.1029 
Molten salt as HTF with FBS 0.0774 
Molten salt as HTF with TES and FBS 0.0759 
120 The molten salt is used as HTF as well as TES Abo Dhabi UAE 0.236 [245] 
- Therminol VP-1 as HTF as well as sensible heat storage  Eshtehard city ( 
latitude 35° 61' 
N) 
Iran 0.4274 [246] 
50 Therminol VP-1 is used as HTF and solar salt as latent 
heat thermal storage, the system includes FBS 
Bechar Algeria 0.0888 [247] 
50 Molten salt is used as HTF and solar salt as latent heat 








Therminol VP-1 is used as HTF and solar salt as latent 
heat thermal storage, the system includes FBS 
0.083 
50 Mixture of Biphenyl (C12H10) and 
Phenoxybenzene (C12H10O) is used 
as HTF, solar salt as latent heat 
thermal storage. 
Dry cooling Tataouine Tunisia 0.2139  [249] 
Wet cooling 0.1868 
100 Therminol VP-1 is used as HTF and solar salt as latent 





 0.2017  [239] 
Molten salt is used as HTF and solar salt as latent heat 
thermal storage, the system includes FBS 
0.1615 
100 The Hitec Solar Salt is used as HTF as well as latent heat 
TES 
Aswan Egypt 0.06 [250] 
Abu Dhabi UAE 0.05 









50 Molten salt is used as HTF, wet cooling technology, FBS 
and TES are used 
Hassi R'mel Algeria  0.2412 [253] 
ST 30 Molten salt is used as HTF Tamanrasset   
Algeria 
0.2863  
[251] DSG technique is used 0.1972 






50 Molten salt is used as HTF, wet cooling technology, FBS 
and TES are used 
Hassi R'mel Algeria 0.2357 [253] 
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6.3 Review on Biomass energy plant  
 
The biomass power plants are widely used in several countries around the world; where 
in Italy as example, 115 biomass power plants were used in 1995 for electrical power 
generation [254].  
 There are mainly three available types of power generation from biomass; biomass 
combustion-turbine cycle, gas turbine, hybrid systems [255]. The direct-combustion 
boiler/steam turbine technology is not a good solution as it needs large-scale collection 
and transportation over large areas. The average size of existing bio-power plants is 10–
20 MW (the largest is nearly 75 MW). Many older wood-burning steam power plants 
produce steam at temperatures below 400 ̊ C. Those plants operate at an electric efficiency 
of 10–15% when backpressure turbines are used to provide both power and process steam, 
or of 15–20% with condensing turbines (no process steam supply). In more modern plants, 
especially those of size over 50 MW, steam temperatures up to 480 ˚C have been used 
and electric efficiency around 25% can be reached [256, 257]. 
Gas turbine (GT) appear to be more interesting in terms of efficiency, size, cost, and fuel 
flexibility. Two radically different options can be found in the literature [258].  
 The first option, shown in Fig. 6. 6, is based on a gasifier that produces biofuel to 
be used in the combustion chamber of a gas turbine (BIG/GT), or in a combined cycle 
plant (BIG/CC). The integration of gasification and combined cycle gas turbine plants 
(BIG/CC) offer high efficiencies at a relatively small scale (30–50 MW).  They are 
expected to achieve efficiencies of about 40% for wood based biomass and atmospheric 
gasification. Among the demonstration units that are under consideration, the largest one 






Fig. 6. 6. Schematic of the BIG/GT plant [258]. 
 
In the second option, the compressed air is heated indirectly in a heat exchanger and the 
biomass or the derived biofuel are directly burnt in an external combustor. Fig. 6. 7 
provides a scheme of such a plant known as externally fired gas turbine combined cycle 
(EFGT/CC) where the hot gases pass at first through a heat exchanger, where the 
compressed air is heated to the turbine inlet temperature, and then through a heat recovery 
steam generator (HRSG), where superheated steam is produced. The topping cycle is 
basically a conventional gas turbine cycle and the combustion chamber, is replaced by a 
heat exchanger. The gas turbine cycle efficiency is up to 30%; while, the EFGT/CC plant 
can reach an efficiency higher than 40%. 
 Different solutions proposed in the literature suggest a combination of a gas turbine 
plant with a biomass burner in repowering configurations. In this case, the steam from the 
incineration plant is passed to the HRSG, where it is superheated and then directed to the 
steam turbine [259]. 
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Fig. 6. 7. Schematic of the EFGT/CC plant [258]. 
 
A feasibility study of a small (250 kWth) steam gasification fluidized bed and hot gas 
conditioning system (an actual employment plant situated near Rome, Italy) was 
presented by Villarini et al. [260]. Their study includes biomass availability and energy 
consumption analysis, biomass and gasification tests, power plant sizing, using 
experimental data and simulation. Finally, an economic analysis was carried out by 
varying the main economic parameters. Olive pruning are confirmed as very suitable, and 
in this case, able to satisfy the farm energy consumption. Global electrical efficiency of 
25% can be achieved without any auxiliary fuel consumption. The investment and 
biomass costs were found 8000 €/kW and 100 €/t, respectively. 
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The environmental compatibility of a biomass plant constructed to produce both 
electricity and heat in Piedmont city, Italy are analyzed by Deborah et al. [261]. The 
evaluation of environmental compatibility of the biomass plant was achieved through the 
environmental balance, external cost evaluation and modeling of pollutant concentrations 
in the surrounding area. The evaluation was conducted using the tools of mass and energy 
balances, and an external costs methodology was also applied in order to define the social 
cost of the plant. In addition, the plant potential modification to local air quality was 
evaluated by considering the meteorological and physical characteristics of the considered 
area, using a pollutant dispersion model. Several different configurations for the flue gas 
purification line were also considered, so that the evaluation of the costs and benefits was 
based on the analysis of both industrial and external costs. 
 A life  cycle assessment  was  carried  out by Tagliaferri et al. [262]  for  a  biomass-
fired  CHP  plant  at the  Heathrow  Airport  energy Centre.  This  facility  burns  
woodchips  collected  from  nearby  forests  providing  2  MWe  of  electricity  and  8  
MWth  of  thermal  energy.  A  hot  spot  analysis  was  conducted  to  identify the  process  
steps  with  the  largest  environmental  impact,  starting  from  the  harvesting  of  the 
forest  residue  to  the  disposal  of  the  boiler  ash.  A scenario analysis is performed to 
compare the  impacts  of  the  biomass  plant  against  fossil  alternatives  and  to  identify  
which  renewable  energy  sources,  between  biomass  and  MSW,  should  be  prioritized  
for  development  and investment.  The  results  showed  a  reduction  in  GHG  emissions  
when  using  biomass,  with  further  benefits  if  the  bottom  ash  is  collected  and  re-
used  as  a  soil  conditioner  for  land-farming or  forestry. The life cycle assessment 
approach for a sample of biomass power plants in north Italy was also presented by Paletto 
et al. [263].  
 Recently, a life cycle inventory (LCI) is presented by Branco-Vieira et al. [264], 
based on real pilot-scale process data, which was scaled-up to a microalgae biomass 
industrial plant for biofuel production. According to this model, in order to produce 1 kg 
of biodiesel, about 12 kg of dried algae biomass is required. This study supports the 
decision-making process in biofuel production to promote the development of sustainable 




 Techno-economic analysis of a biomass gasification power plant based on forestry 
residues blends for electricity production in Portugal central region was performed by 
Cardoso et al. [265]. The economic model presents a positive prospect admitting the 
feasibility of setting the project in the region under current market conditions. 
   Recently, a biomass power plant of capacity 80 MWe was studied by Blondeau et 
al. [266] in order to improve the dynamic control of the combustion process. They re-
design the combustion control loops, and used a virtual air flow sensors in the control 
system. The accurate control of the local NOx production in the furnace resulted in a 
decrease of these emissions by 15% with an increased stability. Their study helps in 
increasing the cost- effectiveness of such conversions, and facilitate the development of 
renewable power units able to contribute to the grid stability. 
 
6.4 ASPEN Modelling of Biomass energy Plant  
 
6.4.1 Aspen plus modeling of biomass pyrolysis energy plant 
A pine wood fast pyrolysis and bio-oil hydro-processing plant of capacity of  72 MT/day 
was developed by Shemfe et al. [267] for electric power generating using Aspen Plus 
process simulator. The model inputs including proximate, ultimate analysis and chemical 






Fig. 6. 8. Multi-step reactions kinetics of biomass pyrolysis [268]. 
 Three model blocks (PYR-DEC, PYR-FLD and PYR-RXN) were used to model a 
bubbling fluidized bed pyrolysis reactor. In the yield reactor (PYR-DEC), biomass 
decomposed into cellulose, hemicellulose and lignin. The fluidized bed (PYR-FLD) was 
used to model the reactor fluid dynamics with pressure drop of 150 mbar, an inert sand 
bed to biomass particle mass ratio of 1:1.25 and a reactor temperature of 500 ˚C. The 
process heat and fluidizing gas for the fluid bed was supplied at 863 ˚C with a 1:1 mass 
ratio to biomass feed. The rate based chemical reactions of each biomass subcomponent 
were modelled by the CSTR (PYR-RXN) using multi-step reactions kinetics of biomass 
pyrolysis developed by Ranzi et al. [268]. The reactor products are sent into a cyclone 




sheet presented in Fig. 6. 9. The combustion section is modelled by a yield reactor (CB-
DEC) and a Gibbs reactor (CB-BUR). Unreacted biomass separated from the cyclone is 
fed into the yield reactor (CB-DEC) where it is decomposed before it is fed into the Gibbs 
reactor (CB-BUR) along with char and non-condensable gas (NCG). The Gibbs reactor 
calculates the multi-phase chemical equilibrium by minimizing Gibbs free energy. A hot 
cyclone (ASH-SEP) was used to separate the ash from the resultant combustion gases. 
The resultant flue gas (FL-GAS) is fed into a splitter (GAS-SPLIT), where it is divided 
into two streams (PYR-FLGS) and (DRY-FLGS) which are supplying heat for both the 
feed nitrogen gas for pyrolysis reactor and air used for dryer. The residual flue gas heat at 
800 ̊ C is used for superheated steam generation for subsequent electric power generation. 
The residual heat from combustion is exchanged with water in a two-stream heat 
exchanger to generate superheated steam at 450 ˚C and 50 bar with an outlet flue gas 
temperature of 90 ˚C. The superheated steam is supplied to a steam turbine (TURB), 
modelled at 80% isentropic efficiency and mechanical efficiency of 95% to generate 
electric power. The simulation results showed that 1 kg/s of pine wood generate 0.64 kg/s 
bio-oil, 0.22 kg/s gas and 0.14 kg/s char. It was also found that the energy required for 
drying and fast pyrolysis operations can be provided from the combustion of pyrolysis 
by-products, mainly, char and non-condensable gas with sufficient residual energy for 
low capacity electric power generation. 
 A kinetic reaction model for biomass pyrolysis processes in Aspen Plus was 
presented by Peters et al. [67].  The pyrolysis mechanism is divided in three phases, one 
decomposition phase and two pyrolysis phases. The first phase is a virtual reaction step 
that decomposes the biomass into cellulose, hemicellulose and lignin. The second phase 
represents the decomposition and volatilization of the biomass fragments, giving a high 
liquid yield which dominates the reaction mechanism for fast pyrolysis processes. The 
third phase contains the secondary cracking and charring reactions which increase gas and 











From the kinetic reaction modelling, the model was able to calculate the yields of the 
pyrolysis for a temperature range between 420 and 650 ˚C and for hot vapor residence 
times of up to 2500 s, allowing the simulation of fast and slow pyrolysis processes for 
any lingo-cellulosic feedstock with known composition [38]. The inputs required by 
the model for calculating the pyrolysis products are the proximate and ultimate 
analysis and the chemical composition of the biomass. The model uses a set of 149 
individual reactions that represent the volatilization, decomposition and re-
composition processes of biomass pyrolysis. The bio-oil was modelled with a high 
level of detail, using up to 33 model compounds, which allows for a comprehensive 
estimation of the properties of the bio-oil and the prediction of further upgrading 
reactions. They also conducted a pyrolysis experiments using beech wood feedstock 
in order to validate the reaction model. A high agreement was found between the 
experimental and simulation results for the obtained fraction yields, water content and 
elemental composition of the pyrolysis products. 
6.5 Simulation of date palm wastes slow pyrolysis using Aspen Plus   
Indeed, serious attempts were carried out in this study in order to simulate the slow 
pyrolysis of the date palm wastes using Aspen Plus version 10. In these attempts, the 
multi-step reaction kinetics of biomass pyrolysis shown in Fig. 6. 8 were used to 
simulate the slow pyrolysis process. Firstly, all chemical components were defined 
using the Aspen library as shown in Fig. 6. 10. The biomass initial temperature, 
pressure and charging rate were then specified as displayed in Fig. 6. 11. While the 
specifications of nitrogen flow are seen in Fig. 6. 12. The inputs of Aspen also include 
the proximate and ultimate analyses of the studied biomass material. Figure 6. 13 
exhibits a photographs from Aspen Plus that show the values of proximate and 
ultimate analyses of Medjool stones. The slow pyrolysis in the glass fixed bed reactor 
was simulated by two aspen blocks where the yield reactor was used to simulate the 
biomass decomposition into cellulose, hemicellulose and lignin while the pyrolysis 
reactions were simulated using R-batch reactor. The char was separated from the 
pyrolysis products using the cyclone. The dry ice condenser was simulated in Aspen 
using the separator where the hot gasses from the cyclone was separated into bio-oil 
and syngas as shown in Aspen Plus simulation flow sheet displayed in Fig. 6. 14. The 
pyrolysis reactions performed in the R-batch were also input to Aspen as seen in Fig. 





Fig. 6. 10. Photograph from Aspen plus simulation for components setup. 
 





Fig. 6. 12. Photograph from Aspen simulation for nitrogen specifications. 
 
 
Fig. 6. 13 (a) Photograph from Aspen simulation for the proximate analysis of Medjool 



















Indeed, these attempts faced some difficulties such as defining the hemicellulose 
and different types of lignin as Aspen Plus library is free of these complex polymers. The 
simulation was successfully completed only if it is assumed that the biomass includes 
only cellulose which is already defined in Aspen library. The results obtained from the 
simulation of slow pyrolysis of the Medjool date stones showed that the production rates 
of bio-oil, char and gases are 0.047, <0.001 and 0.033 kg/s, respectively as shown in Table 
6. 5 and Fig. 6. 16. This means that the predicted value of bio-oil, char and non-
condensable gases produced from the slow pyrolysis of Medjool stones are 58.75, <1.25 
and 41.25%, respectively. When comparing these results with that obtained from the 
experiment, very large errors are found in predicted char and bio-oil yields. While, the 
error in predicted non-condensable gases may be accepted in this case. These errors in 
predicted results are expected because it is assumed that the biomass includes only 
cellulose.  
The composition of the bio-oil obtained from the slow pyrolysis of Medjool stones 
is summarized in Table 6. 6 and supported with photographs from Aspen plus as shown 
in Fig. 6. 17. The predicted results from Aspen Plus showed that phenol is the main 
component of the bio-oil produced from the slow pyrolysis of Medjool stones. Glycol-
Aldehyde and acetone are also of great amounts as seen in Table 6.6. A considerable 
amount of phenol was also detected during the GC-MS of the Medjool stones bio-oil.   
These attempts of simulating the slow pyrolysis in Aspen gave us the main 
simulation structure in addition to good experience and skills of using the software tools.  
The previously mentioned difficulties can be solved in the future work. The validation of 
the simulation by comparing the simulation and experimental results will helps us to 












Bio-oil char Non-condensable Gases  
Temperature C -10 400 -10 
Pressure bar 1 1 1 
Mass Flow kg/hr 0.047 < 0.001 0.033 













Table 6. 6 The pyrolysis products components. 
Component name    
 
 products (kg/hr) 
 Bio-oil  Non-condensable gases  
Water  H2O 0.012 < 0.001 
Hydrogen  H2 trace 0.001 
Carbon monoxide  CO < 0.001 0.015 
Carbon dioxide  CO2 < 0.001 0.009 
Methane  CH4 < 0.001 0.003 
Ethylene  C2H4 < 0.001 0.003 
Levoglucosan   C6H10O5-N1 trace trace 
Glyoxal  C2H2O2 0.002 < 0.001 
Acetone  C3H6O-1 0.005 < 0.001 
Acetaldehyde  C2H4O-1 0.001 < 0.001 
Glycol-Aldehyde C2H4O2-D1 0.007 trace 
5-Hydroxymethylfurfural C6H6O3-N5 0.004 trace 
Formaldehyde  CH2o 0.001 0.002 
Ethanol  C2H6O-2 < 0.001 trace 
Phenol  C6H6O 0.011 trace 
Acrylic Acid C3H4O2-1 0.001 trace 
 
 





6.6 Conclusions and recommendations   
 
From the results reviewed in this chapter, the following conclusions can be drawn: 
 The PTC with molten salt or Therminol VP-1 as HTF is the most technology used 
for CSP plants in the Middle East.  
 The PTC and LFR are recommended for high capacity power plants (150 MWe 
or more). 
 It is recommended to combine the gas turbine cycle with ORC in biomass power 
plant in order to improve the efficiency. 
 Although, the hybrid solar-biomass power systems are still in their nascent stages, 
the feasibility studies of these systems showed the potential of these systems 
especially in the Middle East where the abundant of solar radiation and biomass 








Conclusions and Recommendations 
 
In this work, the potential of date palm wastes conversion to biofuel are investigated. 
Firstly, the thermochemical characterisation of date palm stones and rachis wastes from 
two types of palm trees, Barhee and Medjool is studied. This is followed by slow pyrolysis 
conversion of the wastes to produce bio-oils. Indeed, the results displayed and discussed 
in this work showed high potential of using the date palm fruit wastes as a source of 
feedstock for biofuel production. The results obtained in this study are comparable with 
those published in the literature which validates the various methods employed in the 
current work. Despite the fact that the palm tree wastes contain various volatile and 
moisture constituents, the remaining part of fixed carbon components are sufficient to 
provide a useful level of bio-energy that can be converted into other forms of energy. 
From the thermochemical characterisation experimental results the following key 
conclusions and recommendations can be drawn: 
 The date palm wastes, especially stones, have high volatile and fixed carbon 
content with low ash content. They also have very high content of cellulose 
reaching up to 66% in the case of Barhee stones. The results of TGA showed that 
the decomposition of studied date palm wastes feedstock can be completed below 
420 °C, while the DTG curves peak temperature ranged from 290 ˚C to 315 ˚C. 
The slow pyrolysis experiments of date palm stones and rachis were conducted at 
400 ˚C. Leading to a high char yield at the expense of the bio-oil yield, however, 
a considerable bio-oil yield up to 21.54% is achieved when Barhee rachis is used 
as feedstock. 
 The slow pyrolysis of Barhee stones is suitable for char production as it produces 
the highest char yield of 73.35%. 
 The water content present in bio-oil obtained from the waste stones samples are 
considerably higher than those found in waste rachis samples.  
 In general, a higher percentage of carbon contents is found in the stone samples 




 The results showed also that the bio-oil extracted from the slow pyrolysis of date 
stones samples have HHV much higher than that of rachis samples.  
 The GC-MS analysis results showed that the Phenol, Furfural and Benzoic acid 
are considered the main components of the rachis sample bio-oil.  
 The GC-MS results also revealed that the Barhee and Medjool stone bio-oil main 
components is d-allose with an average percentage of 17.48%, and 25.68% for 
Barhee and Medjool respectively.  
 From the results displayed in this work, and based on the abundant of date palm 
trees in the Middle East, it is recommended to use date palm wastes especially 
date stones and rachis as source of biofuel production using the slow pyrolysis 
process. 
  
Finally, a techno-economic analysis of hybrid solar-biomass energy in Middle East is 
presented. While the CSP systems are of great interest in the Middle East several other 
studies are being conducted aiming to improve the system preference. These studies 
include selection of the solar field, HTF, and thermal energy storage system. The CSP is 
one of the most research point around the world and especially in the Middle East. So, it 
is taken a lot of interest in the techno-economic study. The results in this regard showed 
that: 
 The PTC with molten salt or Therminol VP-1 as HTF is the most technology 
used for CSP plants in the Middle East.  
 The PTC and LFR are recommended for high capacity power plants (150 MWe 
or more). 
The combined Bryton- Rankine power generation system is the most used configuration 
of biomass power plants. Where the gas turbine of the Bryton cycle as toping cycle is 
operated by the syngas produced from the gasification process.  While the bottoming 
Rankine cycle is operated by the heat recovery from the Bryton cycle. Two option may 
be used in hybrid solar-biomass power plant, the first option is similar to the combined 
Bryton-Rankine power generation system except that the working fluid in the Rankine 




While in the second option, the solar energy system as direct steam generation (DSG) is 
used to generate additional steam in Rankine cycle.  
Although, the hybrid solar-biomass power systems still in nascent stages, the feasibility 
studies of these systems showed the potential of these systems especially in the Middle 
East where there is abundant of solar radiation and biomass availability.  
Based on the results displayed in this study the following research points can 
recommended for future work: 
 Modeling the hybrid solar-biomass power plant under the Middle East weather 
conditions.  Aspen plus software can be used for modeling the power cycle 
including the biomass conversion process, while SAM software can be used for 
modeling the solar field.  
 Comparison between the pyrolysis and gasification of date palm wastes using 
Aspen plus simulation. 
 Chemical characterization of a mixtures of agriculture residues as biomass 
feedstocks such as a mixture of date palm, rice, wheat, and sugar cane residues.  
 Experimental and theoretical investigation of the pyrolysis and gasification of a 
mixture of agriculture residues available in the Middle East.  
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